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PRODUCTION AND PROPERTIES OF 2, 3-BUTANEDIOL 


III. STUDIES ON THE BIOCHEMISTRY OF CARBOHYDRATE 
FERMENTATION BY AEROBACILLUS POLYMYXA' 


By G. A. Apams? anp R. Y. STANIER? 


Abstract 


Carbon balances have been obtained for the fermentation of glucose, xylose, 
pyruvic acid, and mannitol by Aerobacillus polymyxa. The chief products from 
glucose are 2,3-butanediol, ethanol, carbon dioxide, and hydrogen; in addition 
small amounts of acetic acid and acetoin are formed. In glucose fermentations 
under the conditions used the butanediol : ethanol ratio is about 1: 1. The 
products of xylose fermentation are very similar, although the butanediol: 
ethanol ratio is shifted in favour of ethanol. From pyruvic acid the chief end- 
products are acetoin, acetic acid, carbon dioxide and hydrogen with almost no 
butanediol and ethanol production. In the fermentation of mannitol a large 
amount of lactic acid is produced, while butanediol production is markedly 
decreased, the butanediol : ethanol ratio being 1 :7. 


Introduction 


Although the organism known as Aerobacillus polymyxa had been an object 
of bacteriological study since the time of Prazmowski (7), the nature of the 
carbohydrate fermentation that it causes was only established by Donker (1) 
in 1926. Donker showed that glucose dissimilation in this species is similar 
in mary ways to that which characterizes the morphologically very different 
genus Aerobacter; the chief end-products are 2,3-butanediol, ethanol, carbon 
dioxide, and hydrogen. Since that time, the only investigation on the bio- 
chemistry of the Aerobacillus fermentation was a study by Stahly and Werk- 
man (10) on the mechanism of acetoin and butylene glycol formation. 


Materials and Methods 


For the majority of the experiments reported here we have used a locally 
isolated strain of Aerobacillus polymyxa designated as NRC 25. In addition, 
a few experiments have been made with a strain obtained from the University 
of Alberta, UA 233a. 

The analytical methods employed have been described in another publica- 
tion (11) with the exception of that for mannitol, which was determined by the 

1 Manuscript received June 13, 1944. 
Contribution from the Division of i Biology, National Research Council of Canada. 
a as Paper No. 16 on the Industrial Utilization of Wastes and Surpluses and as N.R.C. No. 
Biochemist. 
Bacteriologist. 
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method of Smit (9). The experimental conditions have also been described 
in the above-mentioned publication (11). 


Fermentation of Glucose 


Tables I and II present carbon balances for the fermentation of glucose by 
NRC 25 and UA 233a. The chief products in both cases are 2,3-butanediol, 
ethanol, carbon dioxide, and hydrogen; in addition, small amounts of acetic 


TABLE I 


FERMENTATION OF GLUCOSE BY Aerobacillus polymyxa, STRAIN NRC 25 
. GLUCOSE FERMENTED : 5.210 gm. 


Moles per 100 moles of glucose fermented 


Product Weight, CO; H Oxidation values 
gm. Product | Carbon Cale. 

2,3-Butanediol 1.700 65.1 | 260.4 | 130.2 65.1 _ 195.3 
Acetoin 0.072 2.8 31.2 5.6 5.6 _ 5.6 
Ethanol 0.881 66.2 132.4 66.2 — _— 132.4 

Acetic acid 0.050 2.9 5.8 a7 5.8 _ _ 
Carbon dioxide 2.542 199.6 199.6 —_ — 399.2 —. 
Hydrogen 0.041 70.9 70.9 
609.4 204.9 76.5 399.2 404.2 


Carbon recovery: 101.6% 

CO; calculated/CO, observed: 1.026 
Hi calculated/Hz observed: 1.079 
O/R index: 0.989 


TABLE II 


FERMENTATION ©F GLUCOSE BY Aerovacillus polymyxa, STRAIN UA 2334 
GLUCOSE FERMENTED : 3.92 gm. 


Moles per 100 moles of glucose fermented 


Product Weight, CO; H Oxidation values 
gm. Product | Carbon Calc. Cale. + 
2,3-Butanediol 1.31 60.0 240.0 120.0 60.0 —_— 180.0 
Acetoin 0.029 ‘5 6.0 3.0 3.0 — 3.0 
Ethanol 0.643 64.2 128.4 64.2 — -~ 128.4 
Acetic acid 0.175 13.4 26.8 13.4 26.8 _— -- 
Carbon dioxide 1.995 208 .2 208 .2 — —_ 416.4 — 
Hydrogen 0.041 94. 2 94.2 
609.4 200.6 89.8 416.4 405.6 


Carbon recovery: 101.6% 

CO; calculated /CO: observed: 0.963 
Hi; calculated/H: observed:' 0.956 
O/R index: 1.026 
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acid and acetoin are produced. The molecular ratio of butanediol to ethanol 
is approximately 1:1. This ratio remains remarkably constant from one 
experiment to the next provided that the same conditions (glucose as a 
substrate, strict anaerobiosis, present of calcium carbonate) are maintained; 
it can, howeyer, be altered drastically by changing the carbon source, the 
nitrogen source, the pH of the medium, or the degree of access to oxygen. 
The fermentation balances for glucose obtained in the present work do 
not agree with those of Donker (1). One of Donker’s balances, recalculated 
to compare with ours, is given in Table III. Both the medium and the con- 


TABLE III 


RECALCULATED RESULTS OF DONKER FOR THE FERMENTATION OF GLUCOSE BY Aerobacillus. 
polymyxa. MEDIUM: YEAST EXTRACT, 2% GLUCOSE, 1% CALCIUM CARBONATE 


GLUCOSE FERMENTED: 38.55 gm. 


Moles per 100 moles of glucose fermented 
Weight 
Product 4 Oxidation values 
gm. CO: H 
Product | Carbon | Cale. 
2,3-Butanediol 6.78 35.2 140.8 70.4 35.2 — 105.6 
Ethanol 8.98 91.2 182.4 91.2 — os 182.4 
Butanol 0.41 2.6 10.4 10.4 
Acetic acid 2.18 17.0 34.0 17.0 34.0 = — 
Carbon dioxide 188.0 188.0 ° 376.0 
Hydrogen 0.291 68.0 68.0 
555.6 183.8 69.2 376.0 366.4 


Carbon recovery: 92.6% 

CO; calculated/ CO: observed: 0.978 
calculated/Hz observed: 1.018 
O/R index: 1.025 


ditions of fermentation were very similar to those used in the experiments: 
presented in Tables I and II. The most striking qualitative difference is the 
small amount of butanol recorded by Donker; this substance was not found 
in our experiments. However, it is quite possible that the occurrence of 
butanol in Donker’s experiments was an artifact, since the method of analysis 
that he used does not give satisfactory results in the presence of large amounts 
of ethanol. It is not expressly stated that a correction for this was applied, 
and the actual figure for butanol is very close to that which one might expect 
from the interference of ethanol alone. A more serious discrepancy occurs in 
the butanediol: ethanol ratio, which in Donker’s experiments is nearly 1 : 3.. 
The method of determining butanediol that he used (gravimetrically, following 
ether extraction from the evaporated fermentation liquid) probably gave low 
results, but even allowing for this the ratio in his experiments cannot have 
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been less than 1 : 2, since the carbon recovery was around 90%. Thus the 
differences in butanediol : ethanol ratio should probably be ascribed to strain 
differences between his organisms and ours. 


Fermentation of Xylose 


Table IV presents the balance for the fermentation of xylose by strain 
NRC 25. The results are not entirely satisfactory owing to the low carbon 
recovery and the high figure for hydrogen (reflected by low calculated hydrogen 


TABLE IV 
FERMENTATION OF XYLOSE BY Aerobacillus polymyxa, STRAIN NRC 25 
XYLOSE FERMENTED: 4.202 gm. 


Moles per 100 moles of xylose fermented 


Weight 
Product Oxidation values 
gm. CO, H 
Prod uct Carbon Cal c. Cale + 

2-3-Butanediol 0.956 38.0 152.0 76.0 38.0 - 114.0 
Acetoin 0.062 2.5 10.0 5.0 5.0 i 5.0 
Ethanol 0.811 63.0 126.0 63.0 — _ 126.0 
Acetic acid 0.129 15.4 15.4 
Carbon dioxide 1.987 161.0 161.0 362.0 
Hydrogen 0.046 82.0 82.0 

464.4 151.7 58.4 362.0 377.0 


Carbon recovery: 92.9% 

CO; calculated/CO, observed: 0.938 
calculated/H, observed: 0.712 
O/R index: 0.960 


and low O/R index). Nevertheless, the balance is of some interest for com- 
parison with the glucose balances. The most striking difference between 
them occurs in the butanediol:ethanol ratio, which for xylose is of the order 
of 1:1.75. In addition, the percentage of carbon in the sugar fermented 
that is converted to butanediol and ethanol is somewhat smaller for xylose 
than for glucose, while the percentage appearing as acetic acid is larger. On 
the other hand, the percentage transformed into carbon dioxide remains 
nearly the same, a fact that shows conclusively that the pentose molecule is 
not decomposed by a simple C;-C, split. As in the case of the Aeromonas 
fermentation (11), it seems probable that at some stage there is a resynthesis 
of a Cs compound from the xylose or the C, fraction thereof which is subse- 
quently decomposed in a manner similar to that operative in the dissimilation 


of glucose. 
Fermentation of Pyruvic Acid 


Under strictly anaerobic conditions the growth of Aerobacillus polymyxa on 
pyruvate is extremely scanty and the utilization of the substrate is slow and 
incomplete. Nevertheless, a satisfactory balance for this fermentation was 
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obtained and is shown in Table V. As might be expected from the fact that 
pyruvic acid is an oxidized substrate in comparison with sugars, there are 
marked. differences in the proportions of the various end-products. The 


TABLE V 
FERMENTATION OF PYRUVIC ACID BY Aerobacillus polymyxa, STRAIN NRC 25 
Moles per 100 moles of pyruvic acid fermented 
Weight 
’ Oxidation values 
gm. CO, H. 
Product | Carbon Calc. Cc ‘alc 
Pyruvic acid fermented 1.278 100.0 
Product 
2,3-Butanediol None | — _ 
Acetoin 0.255 20.0 80.0 40.0 _ —_ 40.0 
Acetic acid 0.455 52.2 104.4 §2.2 $2.2 — — 
Carbon dioxide 0.605 94.7 94.7 — 189.4 
Hydrogen 0.016 55.0 55.0 
279.1 | 92.2] 52.2] 189.4 195.0 


Carbon recovery: 93.0% 

CO; calculated / CO, observed: 0.974 
calculated/H: observed: 0.950 
O/R index: 0.971 


production of butanediol and ethanol is almost completely suppressed, acetoin 

and ‘acetic acid being the main organic substances formed. The results in 

Table V suggest that the anaerobic dissimilation of pyruvic acid by Aero- 

bacillus polymyxa takes place in accordance with ihe following equations: 
CH; .CO.COOH + —CH;.COOH + CO; + H: 


2CH; . CO . COOH 2CH; .. CHO + 2CO; 
2CH; . CHO CH;. CO. CHOH . 


Fermentation of Mannitol 


The balance for the fermentation of mannitol by Aerobacillus polymyxa is 
given in Table VI. The carbon recovery is somewhat too high, a fact that 
we attribute to the difficulty of determining accurately the residual mannitol 
in the fermented liquid which contains many interfering substances. Fermen- 
tations of this substrate were always incomplete after four days, and conse- 
quently there was a large amount of residual mannitol. 

Lactic and succinic acids, never found in more than traces in the fermentation 
of glucose, occur in considerable amounts. In addition the production of 
butylene glycol is very greatly diminished whereas that of ethanol is increased, 
the resultant butanediol:ethanol ratio being 1 : 7. 
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TABLE VI 
FERMENTATION OF MANNITOL BY Aerobacillus polymyxa, STRAIN NRC 25 


Moles per 100 moles of mannitol fermented 
Weight, Oxid ti 1 
m. : CO: H ation vaiues 
| Product | Carbon} | Cale. 
Mannitol fermented 2.037 100.0 
Product 
2,3-Butanediol 0.138 13.7 54.8 27.4 27.4 — 41.1 
toin 0.008 0.8 1.6 2.4 1.6 
Ethanol 0.518 100.6 | 201.2 100.6 50.3 — 201.2 
Acetic acid 0.132 19.7 39.4 19.7 49.3 _— ee 
Lactic acid 0.576 57.2 171.6 28.6 
‘Succinic acid 0.075 22.8 —5.7 5.7 
‘Carbon dioxide 0.727 147.7 147.7 295.4 
Hydrogen 0.038 | 169.9 169.9 
640.7 143.6} 158.0 | 400.1 413.8 


Carbon recovery: 106.8% 

CO, calculated/COz observed: 0.973 
Hi, calculated/Hz observed: 0.930 
O/R index: 0.969 


Glucose Fermentation as a Function of Time 


To determine the course of glucose dissimilation by Aerobacillus polymyxa 
periodic analyses were performed for 2,3-butanediol, ethanol, acetic acid, and 
acetoin during a fermentation. Two such experiments were carried out, 
using cultures with an initial volume of 3 litres and an initial sugar content of 
70 gm.; in one, oxygen-free nitrogen was continuously bubbled through the 
culture in order to provide conditions of strict anaerobiosis, while in the other 
aerobic conditions were maintained by a stream of air. The temperature was 
controlled at 30°C. In both cases the fermentation was almost complete 
after 58 hr., the glucose used amounting to approximately 64 gm. for the 
fermentation with nitrogen and 62 gm. for that with air. Data are presented 
graphically in Fig. 1, products being expressed as total weights formed at the 
given time, with allowance made for the amounts removed by previous 
sampling. 

The results for glucose fermentation under conditions of strict anaerobiosis 
(Fig. 14) show that in the-early stages of the fermentation, production of 
2,3-butanediol, ethanol, and acetic acid are nearly the same on a weight basis. 
As the fermentation proceeds, however, the rates of formation change with 
the result that the final weight ratio of 2,3-butanediol:ethanol:acetic acid is 
20 :10:3. Acetic acid formation occurs only during the early stages of the 
fermentation; the maximum level for this compound is reached after 24 hr., 
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when ethanol and 2,3-butanediol production are only about 75% complete. 
Acetoin accumulation is negligible at all times, as might be expected from the 
intermediary nature of this compound. It rises to a maximum at 14 hr. and 
then drops slightly to a constant level. 


2,3 - BUTANEDIOL 
20 
e 
15 fe 
ETHANOL 
10 
5 WA 
ACETIC ACID 
ACETOIN 


2,3 - BUTANE DIOL 
20 


ETHANOL 


PRODUCTS, GRAMS 


ACETIC ACID —— 
! 
| 
10 
TIME, HOURS 


Fic. 1. The production of 2,3-butanediol, ethanol, acetic acid, and acetoin from glucose 
as a function of time. A: culture aerated with oxygen-free nitrogen. 
ure aer 


Aeration with air (Fig. 1B) has no effect on the total yield of fermentation 
products, showing that a major shift to oxidative dissimilation does not occur. 
There is no increase in the production of acetoin, a surprising finding in view 
of the fact that aeration of fermenting Aerobacter cultures leads to a very 
marked acetoin accumulation (6). However, aeration with air does alter the 
relative amounts of 2,3-butanediol and ethanol formed, in consonance with 
previous observations made by us in studies on the fermentation of wheat 
mashes. The effect becomes pronounced only in the later stages of the 
fermentation, when there is a sharp inhibition of ethanol production. The 
inaximum level for ethanol is reached in about 30 hours, while 2,3-butanediol 
production continues to 40 hr. 
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Discussion 


The results outlined above give us a somewhat clearer picture of the nature 
of the butanediol fermentation carried out by Aerobacillus polymyxa than was 
heretofore available. Dissimilatory mechanisms that exist in many carbo- 
hydrate fermentations are assumed to be operative in this fermentation. 
Thus the carbohydrate breakdown proceeds via phosphorylated trioses to 
pyruvic acid, which is converted by decarboxylation to a C2 compound. 
Butanediol is formed by condensation, and ethanol by reduction of the C, 
fraction. The mechanisms of the other two bacterial fermentations in which 
butanediol is an important end-product have been studied previously—the 
Aerobacter fermentation by Harden et al. (2, 3) and subsequently by Scheffer 
(8), and the Aeromonas fermentation by Stanier and Adams (11). Table 
VII summarizes briefly some of the outstanding characteristics of the three 
dissimilations. There is a very wide taxonomic separation of the genera 


TABLE VII 


COMPARISON OF REPRESENTATIVES OF THE THREE BACTERIAL GENERA CHARACTERIZED BY A 
FERMENTATION OF CARBOHYDRATES YIELDING 2,3-BUTANEDIOL 


— Aerobacter aerogenes Aerobacillus polymyxa Aeromonas hydrophila 
Family Enterobacteriaceae Bacillaceae Pseudomonadaceae 
Morphology Gram negative rods, flagella} Gram negative spore-form-| Gram negative rods, 
peritrichous when present; ing rods, flagella peri-| flagella polar 
trichous 
Main products formed] 2,3-Butanediol, ethanol, for-| 2,3-Butanediol, ethanol, ace-|2,3-Butanediol, ethanol, 
from glucose mic acid, lactic acid, car-} tic acid, carbon dioxide} acetic acid, lactic acid, 
bon dioxide, hydrogen hydrogen carbon dioxide, hydro- 
gen 
Type of 2,3-butanediol d-meso mixture, levo l-meso mixture, 
= +0. 82 = —13.19 = -—0.97 
Main products formed] 2,3-Butanediol, acetic acid,| Acetoin, acetic acid, carbon} Acetic acid, lactic acid, 
from pyruvic acid carbon dioxide, hydrogen dioxide, hydrogen carbon dioxide, hydro- 
gen 


Aerobacter, Aerobacillus, and Aeromonas, based on the manner of insertion of 
the flagella and the presence or absence of spore formation, which are regarded 
as fundamental properties in most modern systems of bacterial classification 
(cf., e.g., (5), (12)). Organisms are known that show close morphological 
relationships with each of the three above-mentioned genera, yet differ 
radically in their mechanisms for carbohydrate dissimilation. The genus 
Escherichia, which is hard to distinguish in other ways from Aerobacter, carries 
out a mixed acid fermentation (8); the species Zymomonas lindneri, which 
has close morphological resemblances to Aeromonas, causes a practically pure 
alcoholic fermentation (4); and finally Zymobacillus macerans, morphologically 
very similar to Aerobacillus polymyxa, brings about an acetone-ethanol 
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fermentation (1). From all this it follows that mechanisms for carbohydrate 
dissimilation in bacteria cut sharply across orthodox taxonomic divisions, a 
fact that suggests that a particular fermentative mechanism has been devel- 
oped independently in several branches of the bacterial kingdom during the 
course of evolution. Further support for this hypothesis may be derived 
from examination of the three butanediol fermentations. Certain significant 
differences are shown, of which the most marked are the production of different 
isomers of 2,3-butanediol and the mechanism of pyruvic acid decomposition. 
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PRODUCTION AND PROPERTIES OF 2,3-BUTANEDIOL 


IV. PURITY OF THE LEVOROTATORY 2,3-BUTANEDIOL PRODUCED BY 
AEROBACILLUS POLYMYXA' 


By ArtTHUR C. NEISH? 


Abstract 


The levorotatory 2,3-butanediol produced by Aerobacillus polymyxa was 
shown to be a pure isomer, with [a]? = —13.34°, by fractional distillation 
through a Stedman column and fractional crystallization of the mono-acid 
d-camphorate and mono-acid phthalate. The methods used were shown to be 
sensitive enough to detect 1 to 2% of the meso- or dextro-isomers dissolved in 
the levo-isomer. 


All three stereoisomers of 2,3-butanediol aré known to be produced by 
bacteria. Walpole (6) found that Aerobacter aerogenes produced a mixture of 
the meso- and dextro-isomers with [a]p about +0.7°, while Stanier and Adams 
(5) have shown that Aeromonas (Proteus) hydrophilus gives a mixture of 
the meso- and levo-isomers with [a]p = —0.9°. Ward and co-workers (7) 
found that Aerobacillus polymyxa produces 2,3-butanediol with a com- 
paratively high levorotatory power, possibly a pure isomer. However, one 
cannot be sure it is not a mixture of the /- and dl-forms judging from any work 
that has been published to date (1, 2). 

This work was undertaken to see whether the 2,3-butanediol produced by 
Aerobacillus polymyxa was the pure levorotatory isomer or a mixture of 
isomers. It was found to be the pure levorotatory form which, in accordance 
with the recent work of Morell and Auernheimer (2) should be designated 
D(—) 2,3-butanediol. In the following pages / will be used to denote the 
levorotatory 2,3 butanediol while d will distinguish its enantiomer. 

Careful fractionation of aqueous 2,3-butanediol (produced by Aerobacillus 
polymyxa from whole wheat) through a Stedman column showed that little, 
if any, of the meso-form is present (Fig. 1) since there should be a marked 
decrease in optical rotation nea: the end of the distillation when this is the 
case (Fig. 2). Since 98.5% of the material was recovered in the distillate 
(Fig. 1) this does not allow for the presence of much of the meso-isomer. 
The /-2,3-butanediol recovered in this fractionation (Fig. 1) had [a]} = 
—13.34°, the highest value yet reported (1, 2, 7). It takes an efficient 
column to remove the last traces of water because of the hygroscopic nature 
of this compound (1). Its density # = 0.9880 and its refractive index is 
1.4318 at 26°C. From these data the molar refraction is 23.64, while the 
value calculated from standard tables is 23.56. A slight drop in the optical 


1 Manuscript received July 18, 1944. 
Contribution from the Division of Ape Biology, National Research Council, Ottawa. 
Pog Paper No. 17 on the Industrial Utilizats of 
0. A 


2 Biochemist, Industrial Utilization Investigations. 
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rotation observed at the end of the distillation (Fig. 1) does not indicate the 
presence of a small amount of the meso-isomer since it is not accompanied by 
a corresponding increase in the refractive index. A comparison of Figs. 1 and 2 


© REFRACTIVE INDEX 
OPTICAL ROTATION 
1.4400 -140 
1.4200 = -130 a 
> 
Y 14000 
- 
< 13800 -n0 
4% 
a 
1.3600 
1.3400 -90 8% 
q z 
” 
1.3200 -60 


120 240 360 480 600 720 840 960 1080 
GMS. OF DISTILLATE COLLECTED 


Fic. 1. Fractional distillation of aqueous levorotatory 2,3-butanediol. The aqueous 1-2,3- 
butanediol, produced by Aerobacillus polymyxa grown on whole wheat mash, and concentrated 
to about 505% gave the above fractionation curves on distillation through a Stedman column. 
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Fic. 2. Fractional distillation of a mixture of l-, dl- and meso-2,3-butanediol. Some 
2,3-butanediol, recovered from partial dehydrogenation of the l-isomer, with [a]p = —9.1, 
gave the above fractionation curves on distillation through a Stedman column. It consists of a 
mixture of the three isomers since it is partly formed by hydrogenation of acetoin and diacetyl. 
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shows that a relatively small amount of the meso-isomer can be detected by 
this distillation procedure. 

Since distillation would not be expected to effect any separation of the /- 
and d-isomers it was necessary to try further purification by recrystallization 
of a crystalline diastereoisomer. An attempt at preparation of the di-l- 
menthoxy acetate yielded a syrup that could not be induced to crystallize. 
However, the following type of reaction was found to be quite convenient 
for obtaining crystalline derivatives suitable for resolution, and might be 
applied to glycols in general. It has the advantages of using readily avail- 
able chemicals, of being quick and easy to perform, and of yielding a product 
that is easy to purify.. 

CHs CH; CH; 
Ho—¢_H Ho—¢_H Anhydride of Ho_¢_H 
HC—ONa dibasic HC—O—CO—R—COOH 
H; H; Hs; 

Two acid anhydrides were used, with the /-2,3-butanediol obtained above 
(Fig. 1), ice. d-camphoric anhydride and phthalic anhydride. The former 
yielded a crystalline diastereoisomer directly, which after recrystallization 
to constant melting point and optical rotation gave, on saponification, /- 
2,3-butanediol, with essentially the same optical rotation as that of the 
starting material. Phthalic anhydride gave a pure acid ester with [a]> = 
—16.0° and m.p. 116°C. This was converted to the brucine salt which 
was recrystallized several times and then decomposed with 10% sulphuric 
acid; the recovered mono-acid phthalate was found to have the same optical 
rotation as it had before purification as the brucine salt. Hence there is no 
evidence for the presence of any other isomer than the levorotatory one in 
the 2,3-butanediol produced by Aerobacillus polymyxa. 


However, when the /-2,3-butanediol containing the meso- and di-forms was 
examined by these methods the presence of relatively small amounts of the 
meso- and d-isomers was easily detected. The meso-isomer was detected 
and largely removed by distillation through an efficient column (Fig. 2). 
In this way a mixture of J- and dl-2,3-butanediol was obtained with [a]75 = 
—10.0°. The mono-acid phthalate prepared from this mixture (see Table I) 
was obviously a mixture of two compounds, one of which (m.p. 116° C.) was 
identical with that obtained from the /-isomer above, while the other (m.p. 
145° C.) was optically inactive and proved to be the dl-mono-acid phthalate 
since it was partially resolved by brucine, to give a mono-acid phthalate 
with [a]7%5 = +4.2° (m.p. 135 to 139° C.). Since the dl-mono-acid phthalate 
is less soluble than the /-mono-acid phthalate a small amount of the d-isomer 
can be readily detected in an excess of the /-, without resorting to the use of 
brucine. In this cas¢ about 12 to 14% of the d-isomer made such a pronounced 
difference in the melting point characteristics of the mono-acid phthalates 
that one would expect that 1 to 2% could have been detected; yet there was 
no indication of it in the /-2,3-butanediol obtained in the first fractionation 
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(Fig. 1). Furthermore, the brucine salt of the d-mono-acid phthalate is less 
soluble than that of the /-isomer which also favours the detection of a small 
amount of the d-isomer. Hence it may be concluded that Aerobacillus 
polymyxa produces the pure levorotatory isomer of 2,3-butanediol. 


Experimental 

Isolation and Purification of 1-2,3-Butanediol 

The starting material for these experiments was the 50% crude aqueous 
2,3-butanediol obtained by distillation of fermented wheat mashes under 
reduced pressure as described by Rose and King (4). This crude 2,3-butane- 
diol was filtered into a 2-litre balloon flask packed with glass wool, fitted with 
a Stedman column (18 in. long) and a means of collecting fractions under 
reduced pressure. The flask was heated in a boiling water-bath and the 
pressure reduced to the point necessary to obtain vigorous boiling, approxi- 
mately four-fifths of the distillate being returned as reflux. In all, 95 fractions 
were collected over a period of 10 days from the 1050 ml. of crude aqueous 
butanediol; these fractions contained 98 .5% of the material. 


Determinations of the pH and refractive index were made on every fraction 
and in addition the optical rotation was determined on some of the fractions. 
It was found that, just as the last 20% of the water was coming over, the pH 
rose sharply to a value above 1i and a considerable amount of ammonia 
(475 mgm. of ammonia per litre of crude butanediol) came over. 


The refractive indices and optical rotations are shown in Fig. 1. These 
values show the change in composition of the distillate as the distillation 
proceeds. It can be readily seen that the only constituents contributing 
much to the bulk of the mixture are water and 2,3-butanediol and further 
that the butanediol obtained shows no tendency to separate into isomers, for 
if much of the meso-form were present the refractive index’would rise and the 
optical rotation would decrease as the distillation proceeded (see Fig. 2). 
The observed optical rotation was —13.08° at 29° C. and —13.19° at 21°C., 
for 1 dm. length of liquid. When divided by the density this gives a value 
[a]7%5 = —13.34°. The refractive index at 26°C. is 1.4318 as observed in 
an Abbe refractometer by daylight. ; 
Mono-acid d-Camphorate of 1-2,3-Butanediol 

Sodium metal (13.8 gm.) was gradually dissolved in /-2,3-butanediol 
(288 gm.) with stirring. After solution of the sodium was completed d-cam- 
phoric anhydride (109.2 gm.) was stirred in. This mixture contains 6 moles 
of 2,3-butanediol for each mole of sodium or d-camphoric anhydride, the large 
excess being used to act as a solvent for the sodium mono glycolate formed. 
After heating on a steam-bath: for three hours, the mixture was poured into 
water, extracted with isopropyl ether, acidified to Congo red with dilute 
hydrochloric acid and the acid fraction then extracted with isopropyl ether. 
The acid fraction was further purified by extraction from the isopropyl ether 
with a saturated sodium bicarbonate solution, acidification as before, and 
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extraction once more with isopropyl ether. The ethereal solution was then 
dried over anhydrous sodium sulphate, filtered, and concentrated. On 
standing, 96 gm. of white crystals formed. These crystals had a melting 
point of 109 to 111°C. Two recrystallizations gave 76.6 gm. of the pure 
acid; m.p., 116°C. (corrected). Yield, about 60% of theory. In addition 
there was an almost equal amount of a syrup that would not crystallize. 

This crystalline ester is a pure mono-acid d-camphorate of /-2,3-butanediol. 
Its optical rotation was measured in 20% concentration in methanol, [a]?} = 
+19.70°. A known weight was dissolved in methanol and titrated, to the 
phenolphthalein end-point, with standard sodium hydroxide to determine its 
equivalent weight. Calc.: C, 61.72; H, 8.89%; equiv. wt., 273.2. Found: 
C, 61.83, 62.05; H, 8.85, 9.01%; equiv. wt., 274.6. 


Saponification of 1-2,3-Butanediol Mono-acid Camphorate 

Eighty grams of the pure ester was dissolved in a mixture of 50 gm. of sodium 
hydroxide and 250 ml. of water. The solution was heated on the steam-bath 
for 13 hr., cooled, and adjusted to pH 8 with hydrochloric acid. The water 
was then removed by distillation through a column of glass helices (30 cm. 
long), about 7 gm. of J-2,3-butanediol being recovered from this distillation. 
This fraction was dissolved in ether, dried over anhydrous sodium sulphate 
and Drierite, and then fractionated in a small 10 cm. Vigreux column to obtain 
the pure /-2,3-butanediol. A colourless, odourless liquid was obtained with 
[a]*5 = —13.10° and refractive index at 27°C. = 1.4297. Judging from 
the refractive index, it contains about 2% of water, which would just about 
account for the small decrease in optical rotation from that of the starting 
material. It is difficult to free such a small amount of the 2,3-butanediol 
from water by fractionation, and a strong drying agent might cause racemiza- 
tion or dehydration to methyl ethyl! ketone. 


Mono-acid Phthalate of 1-2,3-Butanediol 


Sodium metal (4.0 gm.) was dissolved in /-2,3-butanediol (96 gm.), and 
phthalic anhydride (29.6 gm.) was added with stirring. The reaction was 
conducted and the product worked up as described for the mono-acid d-cam- 
phorate above. Acrystalline ester, m.p. 116° C. (corrected) was obtained, the 
yield being 50% of theoretical, [a] = —16.0° in 20% methanol solution. 
Calc.: C, 60.50; H, 5.93; equiv. wt., 238. ‘Found: C, 60.66, 60.45; H, 6.07, 
6.27; equiv. wt., 240. 


Brucine Salt of l-2,3-Butanediol Mono-acid Phthalate 

Five grams of the pure mono-acid phthalate, [a]3 = —16.0°, was treated 
with one molar equivalent of /-brucine (10 gm.) in methanol solution. The 
methanol was evaporated, the salt taken up in water, the solution concen- 
trated on the steam-bath, and allowed to cool slowly; 13.7 gm. of crystals 
were obtained. These were recrystallized from methanol-isopropyl-ether 
twice to a constant melting point of 150° C. (corrected). 


an 
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Decomposition of Brucine Salt of l-2,3-Butanediol Mono-acid Phthalate 


The pure brucine salt (6.3 gm.) was dissolved in 100 ml. of 10% sulphuric 
acid at room temperature and the acidic solution extracted with isopropyl 
ether and ethyl acetate. The extract was dried over anhydrous sodium 
sulphate and evaporated to dryness to give. /-2,3-butanediol mono-acid phthal- 
ate, which crystallized on standing. It was recrystallized from isopropyl 
ether to give 1.5 gm. of white crystals, m.p. 116° C. and [a]% = —16.0° 
(measured in 20% concentration in methanol). This is the same optical 
rotation as it had before purification as the brucine salt—hence there is no 
evidence for the presence of any isomers of 2,3-butanediol except the levo- 
rotatory form. 


Examination of a Mixture of l-, dl- and meso-2,3-Butanediol 


The 2,3-butanediol recovered from dehydrogenation experiments has a 
much lower optical rotation than the starting material (3) owing to the fact 
it is partly formed by hydrogenation of acetoin—hence it consists of a mixture 
of all three isomers, with the levorotatory one predominating when levo- 
rotatory 2,3-butanediol is used as the starting material. Such a mixture 
with [a]*3 = —9.1° and refractive index of 1.4322 was fractionated through 
an 18 in. Stedman column, at 10 cm. pressure, approximately two-thirds of 
the material being returned as reflux. Nineteen fractions were collected 
which accounted for 392 gm. or 100% of the material. The fractionation 
data (Fig. 2) show that the column effects a marked separation of the meso- 
isomer from the optically active isomers. , 


The fractions containing high proportions of the meso-isomer were set 
aside and the remainder combined to give 316 gm. of 2,3-butanediol with 
[a]7%3 = —10.0° and refractive index 1.4320 at 20°C. This sample must 
consist chiefly of the /- and d-isomers with the former in excess. It was 
treated with freshly sliced sodium (13.2 gm.) and after solution of the sodium 
phthalic anhydride (97.4 gm.) was added and the mixture digested on the 
steam-bath for 13 hr. It was then poured into water and the 2,3-butanediol 
mono-acid phthalate isolated from the resulting mixture as described above, 
with the exception that ethyl ether was used in extractions. The crystals 
obtained on evaporation of the ether were recrystallized from water to give 
87.1 gm. of white crystals, m.p. 121 to 127°C. This fraction was then 
recrystallized from isopropyl ether and methanol to give the four fractions 
shown in Table I. 


A systematic fractional crystallization of these fractions from anisole— 
ligroin and methanol-isopropyl-ether gave two fractions: (a) 8.5 gm. of 
white crystals, m.p. 116° C. and [a]*5 = —16.0° (in methanol), and (b) 5.4 
gm. of white crystals, m.p. 145° C. and [a]p = 0.0°. The former fraction is 
the same as that obtained above from the untreated /-2,3-butanediol produced 
by Aerobacillus polymyxa, while the latter is the dl-mixture of 2,3-butanediol 
mono-acid phthalates, as shown below. The bulk of the crystalline material 
is in fractions that melt at temperatures between these two extremes. The 
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TABLE I 
CRYSTALLINE FRACTIONS* OF /- AND dl-2,3-BUTANEDIOL MONO-ACID PHTHALATES 


Weight of 
Fraction fractions, M»., °C. Remarks 
No. gm. 
1 ¥5..1 139 — 140 Glistening white crystals 
= 9.3 129 - 135 Glistening white crystals 
3 30.0 113 -— 122 Slightly discoloured crystals 
4 12 95 -— 105 Yellowish crystals 


* Fractions are listed in order of increasing solubility. 


fractions are pure mixtures of 2,3-butanediol mono-acid phthalates since 
they have the correct equivalent weight. For example, one fraction (16.0 
gm.) withamelting point of 130 to 140°C. and[a]%5 = —4.0° had an equivalent 
weight of 239, as measured by titration with standard sodium hydroxide to 
phenolphthalein end-point; the theoretical value is 238. Hence the fractions 
are free of phthalic acid, the most probable impurity. 

The optically inactive fraction (1.8 gm.) melting at 145° C. was converted 
to the brucine salt as above. On recrystallizing from water, white crystals 
(5.1 gm.), m.p. 121 to 129°C., were obtained. On recrystallization from 
methanol-isopropyl-ether, 2.8 gm. of crystals was obtained, m.p. 129 to 
143°C. This is obviously a mixture of compounds, The last fraction was 
decomposed with 10% sulphuric acid and the mono-acid phthalate extracted 
with ether. Evaporation of the washed and dried ether extract gave 0.71 gm. 
of crystals with a melting point of 135 to 139° C. and [a]*5 = +4.2° (in 
methanol). This is a mixture of the d- and d/-mono-acid phthalates of 2,3- 
butanediol. Some levorotatory mono-acid phthalate was obtained from the 
mother liquors of the above brucine salt. 

From these experiments it can be seen that a small amount of the d-isomer 
can be readily detected in a large excess of the /-isomer because the d/-mono- 
acid phthalate and the brucine salt of d-mono-acid phthalate are both less 
soluble than the corresponding derivatives of the levorotatory isomer. 
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PHTHALIDE FORMATION! 


By E. H. CHARLESworRTH’, R. P. RENNIE’, J. E. SINDER’, 
AND M. M. Yan‘ 


Abstract 


3,5-Dimethoxy-6-chloromethyl-4-methylphthalide has been produced from 
3,5-dimethoxy-p-toluic acid by heating with aqueous formaldehyde and hydro- 
chloric acid. A chloromethylphthalide has been produced in a similar reaction 
from 5-methoxy-m-toluic acid, but its orientation has not been established. By 
treatment with potassium cyanide followed by hydrolysis this chloromethyl- 
phthalide has been changed toa phenylacetic acid. Oxidation with permangan- 
ate has opened the phthalide ring giving a tricarboxylic acid. 


When 5-methoxy-p-toluic, 5-methoxy-o-toluic, and 3,5-dimethoxy-o-toluic 
acids respectively are treated with formaldehyde solution and hydrochloric acid, 
the normal phthalides are produced. This conclusion has been verified by com- 
parison with phthalides produced from the same acids by the Fritsch method. 
Hydrobromic or hydriodic acid may replace hydrochloric acid in these reactions. 
Attempts to employ aliphatic aldehydes other than formaldehyde in the reaction 
have been unsuccessful owing to polymerization of the aldehydes. 


Introduction 


The action of formaldehyde and hydrochloric acid on the aromatic nucleus 
has been fairly extensively studied particularly by Stephen, Short, and Glad- 
ding.(17) and by Quelet* and his co-workers. Generally speaking, the intro- 
duction of a chloromethyl group into the nucleus takes place, accompanied 
sometimes by the formation of a diphenylmethane compound between two 
nuclei. 

Comparatively little systematic work has been carried out when the arom- 
atic compound involved is a carboxylic acid. Table I gives a summary of 
the cases that are found in the literature, as well as those reported for the 
first time in this paper. 

The method of phthalide formation introduced by Edwards, Perkin and 
Stoyle (3) in a synthesis of meconine represents a short cut by which several 
steps in the older Fritsch (4) method may be eliminated. It consists of a 
direct condensation of the substituted aromatic acid with formaldehyde in 
the presence of hydrochloric acid. A slight modification employing in addition 
glacial acetic acid was introduced by Ray and Robinson (16). The method 
has also been employed successfully by Paul (12) and more recently by King 
and King (6). In a number of cases, however, the normal reaction has not 
occurred and the substituted aromatic acid has been recovered unchanged. 


1 Manuscript received August 28, 1944. 

Contribution from the Department of Chemistry, University of Manitoba, Winnipeg, Man. 
Assistant Professor of Chemistry. 

Graduate Student (M.Sc. ) 

Holder of a Bursary under the National Research Council of Canada, 1941-1942. 


Quelet, R. et al. A series of some twenty papers from 1927 to 1940 in. Compt. rend. and 
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TABLE I 


CONDENSATION OF AROMATIC ACIDS WITH FORMALDEHYDE AND HYDROCHLORIC ACID 


Acid employed Result Reference 
2,3-Dimethoxybenzoic (o0-veratric) 5,6-Dimethoxyphthalide (meconine) 3 
3,4-Dimethoxybenzoic (veratric) 4,5-Dimethoxyphthalide (m-meconine) 3, 16 
3,4-Methylenedioxybenzoic No reaction 3 
2,3-Methylenedioxybenzoic 5,6-Methylenedioxyphthalide 13 
2-Bromo-3,4-dimethoxybenzoic 6-Bromo-4,5-dimethoxyphthalide 16 
3,4,5-Trimethoxybenzoic 3,4,5-Trimethoxyphthalide and 6, 12 

(trimethylgallic) 6-chloromethyl-3,4,5-trimethoxyphthalide 
3,5-Dimethoxy-4-hydroxybenzoic 3,5-Dimethoxy-4-hydroxyphthalide and the 6 


(syringic) 


3-Methoxy-4,5-methyl di b 
(myristicinic) 
3,5-Dimethoxy-2-toluic 


3-Methoxy-p-toluic 
5-Methoxy-m-toluic 
5-Methoxy-o-toluic 
3,5-Dimethoxy-o-toluic 


6-chloromethylphthalide 
3-Methoxy-4,5-methylenedioxyphthalide and 
the 6-chloromethylphthalide 
3,5-Dimethoxy-6-chloromethyl-4-methyl- 
phthalide 
5-Methoxy-4-methylphthalide 
A chloromethylphthalide 
3-Methoxy-6-methylphthalide 
3,5-Dimethoxy-6-methylphthalide 


Present investigation 


Present investigation 
Present investigation 
Present investigation 
Present investigation 


Edwards, Perkin, and Stoyle were unable to get the reaction to occur with 
piperonylic acid. On the other hand, chlorine-containing products have been 
isolated. Charlesworth and Robinson (Zz) repurted a crystalline material 
containing chlorine and melting at 131° C., from 3,5-dimethoxy-p-toluic acid. 
A similar product (private communication) was obtained by Raistrick, 
Robinson, and Todd (15) from 5-methoxy-m-toluic acid. Both Paul, and 
King and King, have isolated chloromethylphthalides from gallic, syringic, 
and myristicinic acids respectively. 

Reinvestigation of the chlorinated products mentioned above as obtained 
from the substituted toluic acids has shown that these are also chloromethy]l- 
phthalides. Thus, by the action of formaldehyde and hydrochloric acid on 
3,5-dimethoxy-p-toluic acid there is produced 6-chloromethyl-3,5-dimethoxy-4- 
methylphthalide (I). 


OCH; OCH; 
cH CH 
CH,O 0 CH 
ONG 
(CH; Cl] 
(I) (II) (111) 


From 5-methoxy-m-toluic acid a chloromethylmethoxymethylphthalide has 
been obtained. The orientation of this compound has not been established. 
The phthalide ring may close in two ways illustrated in (II) and (III). In 
each of these there are two positions that may be occupied by the chloro- 
methyl group. The isolation of a small amount of material of the same 
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melting point as 3-methoxy-5-methylphthalide prepared by Meldrum (7) 
would tend to favour the structure (II) for the phthalide. That the chloro- 
methyl group is attached to the ring has been established by the following 
series of reactions, formulae (II) and the 6-position of the chloromethyl 
group being used for convenience only. 


OCH; OCH; 
CH: CH: 
KCN 
6 
[CH:Cl] [CH:CN] 
(IV) 
OCH; OCH; 
CH 
CH 6 KMn0, CHs OOH 
[CH,COOH (CH:COOH] 


(Vv) (VI). 
Oxidation of the phenylacetic acid (V) opened the phthalide ring and gave 
the tricarboxylic acid (VI). 
Three normal phthalides have been formed by the Edwards, Perkin, and 
Stoyle method. 


OCH; 
CH. CH: CH: —CH: 
CH 6 CH 
re co 
Hs CHs 
(VII) (VIII) (IX) 


3-Methoxy-p-toluic acid produced 5-methoxy-4-methylphthalide (VII). This 
was identical with the product formed by the Fritsch reaction and whose 
orientation has been established by Meldrum and Kapadia (8). On oxidation 
with permanganate, (VII) was converted to 5-methoxy-4-methylphthalic 
acid. 5-Methoxy-o-toluic acid with formaldehyde and hydrochloric acid 
gave 5-methoxy-6-methylphthalide (VIII) identical with that obtained by 
the Fritsch method. 3,5-Dimethoxy-o-toluic acid produced 3,5-dimethoxy- 
6-methylphthalide (IX) identical with that reported by Mitter, Sen, and 
Paul (11). It was not found possible to oxidize either phthalides (VIII) or 
(IX) to the corresponding phthalic acids. . 
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The hydrochloric acid employed in the Edwards, Perkin, and Stoyle method 
may be replaced by either hydrobromic or hydriodic acids, a number of such 
cases having been tried. 

For phthalide formation to occur it would seem that the mechanism of 
formation is first the entrance of a chloromethy! group into the ortho position 
with respect to the carboxyl. Loss of hydrogen chloride then occurs with 
the production of the phthalide ring. The carboxyl group itself being meta- 
directing will tend to inhibit the necessary first step. A study of the results 
in Table I shows this, and that in the cases in which phthalide formation 
occurs a methoxyl or methyleneoxy group is always meta to the carboxyl, 
that is, in an ortho or para position with respect to the entering group. That 
the presence of an ortho- and para-directing group alone is not sufficient for 
the production of a phthalide is shown by the failure of m-methoxybenzoic 
and m-toluic acids to give phthalides. It must be supported by an additional 
substituent methyl, methoxyl, or methylene oxide. In the four recorded 
cases in which chloromethylphthalide formation has occurred this additional 
group has also been in a meta position with respect to the carboxy]. 


Quelet (14) has shown that other aliphatic aldehydes besides formaldehyde 
may be condensed with aromatic compounds in the presence of hydrogen 
chloride. Chloroalkylation occurs with the chlorine on the a-carbon with 
respect to the ring. Anisole with propionic aldehyde yields p-(a@-chloro- 
propyl)anisole. Attempts to extend this reaction to the formation of a-alkyl- 
ated phthalides as illustrated below have failed. In Quelet’s cases the reaction 
proceeded at 0 to 30°. In the case of aromatic acids a much higher temper- 
ature is necessary and before this could be reached the aldehydes employed, 
paraldehyde, propionic, and butyric, polymerized in the presence of the 
mineral acid and condensation with the acid could not be accomplished. 


CH; (H) O=C—R CH; H—Cl 
HCI 
cH 
COOH COOH co 
Experimental 


3,5-Dimethoxy-6-chloromethyl-4-methylphthalide (I) 

3,5-Dimethoxy-p-toluic acid (3.5 gm.) prepared according to the directions 
of Charlesworth and Robinson (2) was heated for 1.5 hr. on the water-bath 
with aqueous formaldehyde (10 cc., 40% solution) and hydrochloric acid 
(6cc.). The brown resinous material that formed on the surface was removed 
and extracted with hot alcohol, the insoluble portion being separated by 
filtration. The alcoholic filtrate was concentrated and cooled, whereupon 
glistening white needles of the chloromethylphthalide separated. After 
several crystallizations from ethyl acetate these were quite puré and melted 
at 130 to 131°C.* Found: Cl, 13.62%. Cale. for CisHisO.Cl: Cl, 13.84%. 


* Melting points are uncorrected. 


: 
ie 


CHARLESWORTH, RENNIE, SINDER, AND YAN: PHTHALIDE FORMATION 21 


The residue which was insoluble in alcohol was crystallized from acetic acid 
and melted at 250 to 252° with decomposition. This product was likely 6,6’- 
methylenebis-3,5-dimethoxy-4-methylphthalide, such diphenylmethane prod- 
ucts generally accompanying the main reaction. (Cf. King and King (6) ). 
Found: C, 64.7; H, 5.49%. Calc. for C2sH2sOs : C, 64.5; H, 5.61%. 


5-Methoxy-4-methylphthalide (VII) 

3-Hydroxy-p-toluic acid was prepared according to the directions of Mel- 
drum and Perkin (9). Methylation with dimethyl sulphate and sodium 
hydroxide solution proceeded smoothly in the normal manner. Recrystal- 


lization from ethyl acetate gave pure 3-methoxy-p-toluic acid, which melted 
at 158°C. 


3-Methoxy-p-toluic acid (4.5 gm.), formaldehyde solution (13 cc., 40%), 
and concentrated hydrochloric acid (19 cc.) were heated on the water-bath 
for four hours. On cooling, well formed prisms (5.0 gm.) separated. On 
recrystallization from alcohol, 5-methoxy-4-methylphthalide was obtained 
in glistening white needles that melted at 144°C. Found: C, 67.51; H, 
5.88%. Calc. for CioHi0O; : C, 67.41; H, 5.61%. 


That this compound has the orientation indicated has been proved by com- 
parison with a sample of the phthalide produced by the Fritsch method. 
‘The first two stages of this synthesis have been accomplished by Meldrum 
and Kapadia (8) who have rigidly established the orientation of the product 
resulting from the reaction of 3-methoxy-p-toluic acid, chloral hydrate, and 
concentrated sulphuric acid to be 5-methoxy-4-methyl-a-trichloromethyl- 
phthalide. Following their directions this product has been treated with 
sodium hydroxide solution and 5-methoxy-4-methyl-a-carboxyphthalide which 
melted at 222°C. obtained. 


The last stage of the Fritsch method was best accomplished by a decar- 
boxylation in the following manner. 5-Methoxy-4-methyl-a-carboxy- 
phthalide (3.5 gm.) was heated in a test-tube in an-oil bath at 220 to 230° C. 
for five minutes and then the temperature was gradually raised to 260° over 
a further period of 10 min. Carbon dioxide evolution had then ceased and 
the residue was dissolved in hot alcohol (10 cc.). On cooling, the phthalide 
separated in yellow needles melting at 143°. There was no depression in 
melting point when the product was mixed with the sample previously 
described prepared directly from 3-methoxy-p-toluic acid. Attempts at 
decarboxylation at lower temperature using quinoline and copper chromite 
as catalysts, gave a gummy mass from which it was found impossible to isolate 
the phthalide in crystalline form. 


5-Methoxy-4-methylphthalic Acid 

5-Methoxy-4-methylphthalide (1 gm.) was dissolved in potassium hydroxide 
solution (20 cc., 10%) and finely ground potassium permanganate (1.2 gm.) 
was added gradually with cooling. After 36 hr. at room temperature the 
oxidation was complete. The phthalic acid (0.6 gm.) was isolated by acidi- 
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fication and extraction with ether. On recrystallization from water, it melted 
at 166.5 to 167°C. Found: C, 57.34; H, 4.86%; equiv. wt., 106.2. Calc. 
for CioHioO; : C, 57.14; H, 4.77%; equiv. wt., 105.0. 


The Chloromethylphthalide (II) or (III ) from 5-Methoxy-m-toluic Acid 


Two methods were employed in the preparation of the 5-hydroxy-m-toluic 
acid, both described by Meldrum and Perkin (10). The preparation from 
ethyl acetopyruvate was preferred to the sulphonation of m-toluic acid fol- 
lowed by alkalifusion. The yield was somewhat less, but the resulting product 
was purer and it could be produced in a shorter time. 


5-Methoxy-m-toluic acid (4 gm.), concentrated hydrochloric acid (25 cc.), 
aqueous formaldehyde (6.3 cc., 40%), and glacial acetic acid (25 cc.) were 
heated for three hours under reflux on the steam-bath. On cooling, a crystal- 
line product separated. This was filtered off and extracted three times with 
portions (12 cc.) of boiling alcohol. The first portion yielded white crystals 
(1.4 gm.); these were halogen free, melted at 131.5 to 133° C., and were not 
identical with the starting acid of melting point 134°. These crystals have 
not been examined further, but are possibly identical with 3-methoxy-5- 
methylphthalide, m.p. 135.5°, described by Meldrum (7). Most of the runs 
‘were carried out without acetic acid and this product was not then encoun- 
tered. The second extract produced white crystals (1.6 gm.), m.p. 160° to 
173, with previous sintering. From the third extract fine needle-like crystals 
(0.6 gm.) were obtained which melted sharply at 176 to 178°. If subjected 
to recrystallization these melted at {77 to 179°. Found: Cl, 14.75; CH;0, 
14.7%; mol. wt. (Rast method), 214. Calc. for CyHuO;:Cl: Cl, 15.67; 
‘CH;0, 13.7%; mol. wt., 226.5. 


If acetic acid was omitted there was, as previously mentioned, no low melting 
product. The crude reaction product was much gummier and it was much 
more difficult to obtain a pure sample of the chloromethylphthalide. In this © 

case there was some high melting product (275 to 285°) insoluble in alcohol. 

It was crystallized from acetic acid. The analysis tended to indicate that 
it was an impure specimen of a diphenylmethane type. Found: C, 67.2; 
H, 5.1%. Calc. for : C, 68.5; H, 5.5%. 


The Cyanomethylphthalide (IV ) 


The chloromethylphthalide (0.9 gm.) was heated with sodium cyanide 
(0.4 gm.) and ethyl alcohol (10 cc., 95%) on a steam-bath under reflux for 
four hours. On dilution with water the cyanomethy!phthalide (0.8 gm.) 
separated. It crystallized from alcohol in soft white leaflets that melted at 
179 to 181.5°. Found: N; 6.10%. Calc. for CuHuO;CN: N, 6.43%. 


The Phenylacetic Acid (V) 


The cyanomethylphthalide (0.5 gm.) was boiled under reflux for seven 
hours with sodium hydroxide solution (10 cc., 10%). The solution was filtered 
to get rid of a little insoluble material and then acidified, whereupon pure 
white crystals (0.3 gm.) separated. These were recrystallized from aqueous 
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alcohol and melted at 218 to 219°. Found: C, 61.3; H, 5.30%; equiv. wt., 
234. Calc. for CuHwO;COOH: C, 61.0; H, 5.17%; equiv. wt., 236. 


The Tricarboxylic Acid (VI) 

The phenylacetic acid (0.7 gm.) just described was dissolved in sodium 
hydroxide solution (20 cc., 10%) and powdered potassium permanganate 
(0.77 gm.) was added. After 48 hr. at room temperature, during which time 
the flask was shaken occasionally, sulphur dioxide was passed in till the man- 
ganese dioxide had dissolved. The solution was filtered, acidified, and the 
sodium chloride that separated was removed by filtration. The aqueous 
filtrate was extracted thoroughly with ether. On evaporation of the ether 
the tricarboxylic acid (0.5 gm.), m.p. 235 to 238°, was left. The acid 
could not be obtained in purer condition. The equivalent weight indicates 
undoubtedly that it is a tricarboxylic acid, but the analysis suggests that it 
may contain a little unchanged phenylacetic acid. Found: C, 55.2; H, 
4.38%; equiv. wt., 84.4. Calc. for CwHnO,: C, 53.7; H, 4.44%; equiv. 
wt., 89.3. 

The tricarboxylic acid was soluble in water, alcohol, ether, and acetone, 
but insoluble in ethyl acetate, heptane, and chloroform. 


5-Methoxy-o-toluic Acid 

This product, which does not seem to have been senduube reported, was 
prepared in 75% yield from 5-hydroxy-o-toluic acid [Jacobsen (5)] by methyl- 
ation with dimethyl sulphate in the standard manner. The product was 
crystallized twice from acetic acid (50%); it melted at 146 to 147°. Found: 

C, 64.90; H, 6.10%. Calc. for CoHi0O3 : C, 65.06; H, 6.02%. 
3-Methoxy-6-methyl phthalide (VIII ) 

5-Methoxy-o-toluic acid (10 gm.), formaldehyde solution (50 cc., 40%), and 
concentrated hydrochloric acid (50 cc.) were heated under feflux on the steam- 
bath for three hours. The crude solid was separated and recrystallized from 
acetic acid (30%). It separated in fine white needles (7.2 gm.), which melted 
at 165 to 166°. On mixing with a specimen of the phthalide prepared by the 

Fritsch method as described below, there was no depression of melting point. 
3-Methoxy-6-methyl-a-trichloromethyl phthalide 

’ 5-Methoxy-o-toluic acid (10 gm.), powdered chloral hydrate (21.1 gm.), 
and sulphuric acid (46 cc. conc. + 3 cc. water) were mixed and kept in a 
stoppered flask with occasional shaking. After 24 hr. the reaction mixture 
was poured on ice; the solid that separated was washed with water and crystal- 
lized from alcohol. It separated as fine white crystalline.material (12.2 gm.), 
which melted at 134 to 135°. Found: Cl, 35.79%. Calc. for CuHO;Cl; : 
Cl, 36.04%. 

acid 
The trichlorophthalide (8 gm.) just described was heated on the water-bath 


for one hour with sodium hydroxide solution (50 cc., 20%). The dark red 
solution was filtered and acidified with concentrated hydrochloric acid. The 
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carboxyphthalide that separated crystallized from water in pale yellow 
needles (5.5 gm.), m.p. 157 to 158°C. Found: C, 59.30; H, 4.54%. 
Calc. for Ci1Hi00s 59.45; H, 4.50%. 

3-Methoxy-6-methylphthalide 

The a-carboxyphthalide (4.5 gm.) was mixed with copper chromite (0.4 
gm.) and quinoline (15 cc.) and heated in an oil-bath at 170 to 180° until 
evolution of carbon dioxide had ceased. The quinoline solution was decanted 
from the catalyst into dilute hydrochloric acid and the greenish precipitate — 
was crystallized from dilute acetic acid (charcoal). The phthalide separated 
in fine white needles (2.8 gm.) that melted at 165 to 166°. Found: C, 67.37; 
H, 5.66%. Calc. for CioHi003 : C, 67.41; H, 5.61%. 

Attempts to oxidize this phthalide to the corresponding phthalic acid by 
both acid and alkaline potassium permanganate were unsuccessful. 
3,5-Dimethoxy-6-methylphthalide (IX ) 

Sulphonation of o-toluic acid following the directions of Asahina and Asano 
(1) for p-toluic acid, followed by alkali fusion and methylation, gave 3,5- 
dimethoxy-o-toluic acid. 

3,5-Dimethoxy-o-toluic acid (4.0 gm.), formaldehyde solution (15 cc., 
40%), and concentrated hydrochloric acid (15 cc.) were heated under reflux 
on the steam-bath for three hours. At the end of this time the crude material 
was filtered off, dried, and twice crystallized from 50% acetic acid. The 
yield was 3 gm.; m.p., 248 to 249°. This was in agreement with the melting 
point reported by Mitter, Sen, and Paul (11). Found: C, 63.28; H, 5.81%. 
Calc. for CuH2O, : C, 63.46; H, 5.82%. 

Attempts to oxidize this phthalide to the corresponding phthalic acid were 
unsuccessful. As the phthalide was insoluble in both acid and alkali, the 
attempted oxidations were carried out employing purified acetone as a solvent. 
Oxidations in acid, neutral, and alkaline solution were attempted, but in 
every case the phthalide was recovered unchanged. 


Acids that Fail to Condense with Formaldehyde 

Benzoic, 0-toluic, m-toluic, p-toluic, o-methoxybenzoic, m-methoxy-benzoic, 
p-methoxybenzoic (anisic), phenylacetic, and phthalic acids have all failed 
to condense with formaldehyde and hydrochloric acid under the conditions 
described. In none of these cases were there indications of phthalide form- 
ation or of the introduction of a chloromethyl group. The unchanged acid 
was recovered or in a number of cases small amounts of the methyl ester of 
the acid were produced. 


Use of Hydrobromic or Hydriodic Acids 

In two cases hydrobromic acid or hydriodic acid have been used in place 
of hydrochloric acid in the formaldehyde condensation. m-Meconine was 
thus produced from veratric acid and 5-methoxy-4-methylphthalide from 
3-methoxy-p-toluic acid. If hydriodic acid is used the brown crude product 
from the condensation is triturated with sodium thiosulphate or sodium 
bisulphite solution prior to crystallization, to remove iodine. 
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Use of Higher Aldehydes 

Attempts to use higher aldehydes such as paraldehyde, propionic, and 
butyraldehyde in place of formaldehyde with 3-methoxy-p-toluic acid were 
unsuccessful. On warming on the steam-bath for one-half hour the solution 
became very dark and viscous. Only unchanged 3-methoxy-p-toluic acid 
could be recovered from the mixture. Apparently polymerization of the 
aldehyde took place before condensation with the aromatic acid could occur. 
At the low temperature used by Quelet (14) no reaction with the acid occurred. 
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NEW APPLICATION OF THE USE OF POTASSIUM ALCOHOLATES 
IN THE SYNTHESIS OF SUBSTITUTED INDOLES! 


By Marion? AND WALTER R. AsHFoRD?® 


Abstract 


The method of closing the pyrrole ring for the formation of an indole from a 
toluidide by means of potassium alcoholates as condensing agents has been 
extended to the preparation of indoles substituted in any or all of the positions 
in the pyrrole ring. 1-Methyl-, 3-methyl-, 2,3-dimethyl- and 1,2,3-trimethyl- 
indole have been prepared by this method. 


The use of sodium ethylate as condensing agent in the preparation of 
2-substituted indoles from various acetotoluidides has been recorded by 
Madelung (3) although he did not succeed in obtaining indoles unsubstituted 
in the pyrrole ring. Later Verley (7) claimed to have prepared 2-methylindole 
and indole itself by the action of sodamide on o-acetotoluidide and o-formo- 
toluidide. Tyson (5), however, was unable to obtain indole by the use of 
sodamide, but found that potassium ethylate or potassium fert.-butylate does 
bring about ring closure in o-formotoluidide and produces a good yield of 
indole. 

It was of interest, therefore, to ascertain whether the use of potassium 
alcoholates could be extended to the preparation of indoles carrying a sub- 
stituent in the 3-position and also those substituted on the nitrogen. It has 
now been found that 3-methylindole can be prepared by this method as well 
as 2,3-dimethylindole. Furthermore 1-methylindole and 1,2,3-trimethylin- 
dole can be prepared in a like manner, but when the nitrogen carried a methyl 
group the reaction was complex and the yields were small. 

Tyson (6, pp. 42-45) has assumed a mechanism for the ring closure which 
involves the formation of a potassium derivative of the o-formotoluidide 
employed: 

o-CH; . . NH . CHO + (CHs)s;COK o-CHs . . N(CHO)K + CsHsOH 

o-CHs . CoH, . N(CHO)K —> 0-CHs . CoHy . NHK + CO 


NHK + o-CH; C;H, N(CHO)K —>- o-CHs; NH:+ KOH + 


CsHsNK + —> C;H;N + KOH 


Such a mechanism is impossible when the nitrogen carries another substituent 
as in the formation of 1-methylindole from N-methyl o-formotoluidide since 
the nitrogen in the latter is completely substituted and could not, therefore, 
form a potassium salt. 


1 Manuscript received June 26, 1944. 
Contribution from the Division of Chemistry, National Research Laboratories, Ottawa, 
Issued as N.R.C. No. 1244. 
2 Chemist. 
3 Now chemist, The Dominion Rubber Co., Guelph, Ont. 
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A study has been made of this case of ring closure and although no new 
mechanism can be suggested other than a direct elimination of the elements 
of water, it has been found that the reaction was complex and gave rise to a 
mixture of indoles. The reaction, which appeared to proceed in definite 
visible stages, was different from what occurred when the nitrogen carried 
no methyl group. It gave rise to various by-products, one of which was 
found to be decomposed by water into N-methyl-o-toluidine and potassium 
hydroxide and it, therefore, seemed to be the potassium derivative of the 
former. 

It was also found that the 1-methylindole formed in the reaction was 
accompanied by a small quantity of unsubstituted indole. This partial 
removal of the methyl group together with the partial removal of the formyl 
group account at least in part for the low yields of 1-methylindoles prepared 
by this method, and for the fact that they were always difficult to obtain 
pure. The low yields were also observed in the preparation of 1,2,3-trimethyl- 
indole and other 1-methylindoles not reported here. 


This method of ring closure cannot be generalized as much as had been 
expected. The presence of a nitro group in the benzene ring interfered with 
the reaction and no indole could be obtained from the formyl derivative of 
2-methyl-5-nitro-aniline. Application of the reaction to 2-methyl-4-methoxy- 
formanilide was also unsuccessful and it produced only a very small quantity 
of an indole that contained no methoxyl. 


Experimental - 


Since all the ring closures were carried out as described by Tyson (5, 6) no 
further description will be given. 


2-Acetamino-ethylbenzene 


Ethylbenzene (100 gm.) was nitrated at 45°C. with a mixture of nitric 
acid (sp. gr. 1.456, 82.5 gm.) and concentrated sulphuric acid (107.6 gm.). 
The reaction mixture was afterwards kept for one hour on the steam-bath, 
cooled, and poured on to cracked ice. The precipitated oil was dissolved in 
benzene, washed with water, dried, and the solvent distilled off. The residual 
nitro-oil was fractionated through a Stedman column and the o-nitro-ethyl- 
benzene boiling at 70° (< 1 mm.) collected; yield, 23%. 


2-Amino-ethylbenzene was obtained in 65.5% yield when o0-nitro-ethyl- 
benzene was reduced with iron and alcoholic hydrochloric acid. It consists 
of a yellow oil boiling at 91 to 95° (8 mm.). It was characterized by con- 
version to the acetyl derivative by the action of acetic anhydride in absolute 
benzene. When recrystallized from: benzene—petroleum-ether, 2-acetamino- 
ethylbenzene consisted of fine colourless needles melting at 115°*. Paucksch 
(4) reports 111 to 112° (uncorr.) as the melting point. 


* All melting points are corrected. 
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2,3-Dimethylindole 

2-Acetamino-1-ethylbenzene (15.5 gm.) was heated with potassium (5.5 
gm.) dissolved in tert.-butyl alcohol (114 cc.). The 2,3-dimethylindole 
produced was separated from the mixture by steam-distillation. It was 
distilled in vacuo, b.p. 85 to 90°C. (1 mm.) and recrystallized from ether— 
petroleum-ether from which it separated as colourless glistening flakes melting 
at 108° either alone or in admixture with an authentic specimen. Wt., 6 gm.; 
yield, 43.5%. The picrate, consisting of brownish red needles, melted at 
159° either alone or after admixture with a specimen of 2,3-dimethylindole 
picrate. 
3-Methyl-indole 

2-Amino-1-ethylbenzene (19 gm.) was heated with 87% formic acid (8 cc.) 
overnight and the 2-formamino-1-ethylbenzene obtained was recrystallized 
from benzene—petroleum-ether, from which it separated as sheaves of soft 
needles melting at 77°C. Wt.,14.6gm. 2-Formaminoethylbenzene (7 gm.) 
was converted to 3-methyl-indole by heating with potassium (2.74 gm.) and 
tert.-butyl alcohol (57 cc.). The steam-distilled product, isolated as usual, 
was distilled (b.p. 90 to 95° (1 mm.)) and crystallized from petroleum ether. 
It weighed 4.2 gm. (68% yield) and melted at 96.5° either alone or in admixture 
with an authentic specimen. The picrate melted at 182° and admixture 
with a specimen of skatole picrate failed to depress the melting point. 
_1,2,3-Trimethylindole 

2-Formamino-1-ethylbenzene (14.5 gm.) was refluxed with methyl iodide 
(15 gm.) and a solution of potassium hydroxide (5 gm.) in absolute ethyl 
alcohol (100 gm.) for two hours. The potassium iodide was filtered off and 
the alcohol removed by distillation. The oily residue was added to an equal 
volume of water and the mixture refluxed with concentrated hydrochloric 
acid (40 cc.) for one hour. The resulting homogeneous solution was basified 
with strong aqueous sodium hydroxide and the separated oil coliected in 
ether. The extract was washed with water, dried over anhydrous sodium 
sulphate, and distilled on the steam-bath to remove the solvent. The residual 
oil was distilled im vacuo and the fraction boiling at 65 to 70° (1 mm.) collected. 
Wt., 12 gm. Yield, 91%. The 2-ethyl-N-methylaniline thus obtained is a 
light yellow oil. 

2-Ethyl-N-methylaniline (12 gm.) was acetylated by dissolving in dry 
benzene (18 cc.), adding acetic anhydride (15 gm.), and allowing to stand over- 
night. Next morning, the solution was diluted with benzene, washed 
repeatedly with water, dried over anhydrous sodium sulphate, and distilled 
to remove the solvent. The residual oil was fractionated im vacuo and the 
fraction boiling at 90°C. (1 mm.) refractionated twice to remove a small 
quantity of crystalline material that remained each time in the residue. 
2-Ethyl-N-methylacetanilide was finally obtained as a faintly yellow oil; wt., 
13 gm. Calc. for CuHi,ON: N, 7.96%. Found: N, 7.91%. 
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From 2-ethyl-N-methylacetanilide (12.5 gm.), potassium (4.1 gm.) and 
tert.-butyl alcohol (85 cc.), 1,2,3-trimethylindole was obtained as a faintly 
yellow oil boiling at 75°C. (0.5 mm.); wt., 1.6 gm.; yield, 14.5%. The 
picrate, when recrystallized from benzene—petroleum-ether, melted at 154°. 
Degen (1) records 150° (uncorr.) as the melting point. Calc. for 
CuHisN.Ce6H;07N3:C, 52.58; H, 4.12; N, 14.43%. Found: C, 52.69; H, 
4.20; N, 14.27%. 


1-Methylindole 


A mixture of o-toluidine (53.5 gm.) and 87% formic acid (30 gm.) was 
heated overnight on the steam-bath. The crystalline o-formotoluidide 
obtained was recrystallized from benzene—petroleum-ether from which it 
separated as colourless plates melting at 62°; wt., 51 gm. 

o-Formotoluidide (40 gm.), potassium hydroxide (14.8 gm.) in 99% ethyl 
alcohol (270 gm.) and methyl iodide (52 gm.) were mixed and refluxed gently 
for 15 hr. After cooling, the potassium iodide was filtered off, the alcohol 
removed by distillation and the residual oil dried over anhydrous potassium 
carbonate and fractionated through a short column packed with glass helices. 
N-Methyl-o-formotoluidide boiled at 85 to 90° (1 mm.); wt., 20 gm. Cale. 
for CSHnON: C,72.48; H,7.38%. Found: C,72.58, 72.33; H,7.61, 7.59%. 


When N-methyl-o-formotoluidide (15.7 gm.) was treated with potassium 
(6.2 gm.) and ¢ert.-butyl alcohol (127 cc.) as in the previous cases, it yielded 
an oil from which four fractions were obtained: Fr. I, b.p. 63° C. (2 mm.); 
Fr. II, b.p. 65 to 69° (2 mm.); Fr. III, b.p. 69 to 75° (2 mm.); and Fr. IV, 
b.p. 85 to 90° (2 mm.). The total weight of these fractions represented a 
yield of about 10% of indoles. All four fractions were treated with picric 
acid. The picrates obtained from Fractions I and II were identical. Both 
melted at 176° and in admixture with indole picrate (mep. 187°) melted at 
179 to 181°. Hence they. consisted of impure indole picrate. Fraction. III 
was still a mixture and could not be identified. Fraction IV yielded a picrate 
melting at 152°, and no depression was observed after admixture with an 
authentic sample of 1-methylindole picrate prepared by Fischer’s method (2). 
Calc. for CsH»N.C.H;07N;: C, 50.0; H, 3.33; N, 15.55%. Found: C, 
49.83, 49.92; H, 3.49, 3.41; N, 15.60, 15.82%. 


It is noteworthy that contrary to what happens ordinarily the ring closure 
reaction seems to proceed in definite visible steps when a methyl group is 
substituted for a hydrogen on the nitrogen of the o-formotoluidide. At a 
temperature of 290°C. in the formation of 1-methylindole the flask became 
filled with a white fluffy material that disappeared as the temperature in- 
creased. At 320°, a white crystalline substance condensed in the gooseneck 
of the apparatus, and at 350°, the reacting mass assumed a dark brown or 
black colour. Some of the white fluffy material forming at 290° was isolated 
and crystallized from a mixture of methanol and absolute ether from which it 
separated as white needles that did not melt at 350°. This material, which is 
a potassium salt, was not further identified. 
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The second crystalline substance which formed at 320° C. was also isolated. 
It did not melt at 300° and was found to decompose in water, producing an 
insoluble oil and a basic aqueous solution. A quantity of material (8 gm.) 
when added to water produced 6 gm. of an oil that boiled at 50 to 55° (0.5 
mm.). This oil formed a crystalline picrate, which, after two recrystalliza- 
tions. from methanol-ether melted at 149° either alone or in admixture with 
the picrate of N-methyl-o-toluidine. Calc. for CsHuN.CsH;07Ns : C, 48.00; 
H, 4.00%. Found: C, 48.02, 48.19; H, 4.05, 4.22%. The aqueous 
solution, which was basic, was found qualitatively to contain potassium 
hydroxide and potassium carbonate. 
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A COMPARISON OF TWO METHODS FOR DETERMINING THE 
SURFACE AREA OF A POWDER! 


By R. C. LANGILLE’, P. E. BRarp*, AND FRANK B. KENRICK® 


Abstract 


The surface area of the same barium crown glass powder was determined by 
two independent methods: (a) comparison of adsorption of methylene blue on 
the powder and on large measurable broken surfaces; (b) measurement of the 
projection areas of randomly oriented particles. Although individual results 
differed rather widely, the averaged results by the two methods agreed surpris- 
ingly well: 682 cm.? per gm. by Method (a), and 568 cm.*? per gm. by Method 
(b). Since only smooth surfaces were selected for comparison in the dye method, 
all small surface irregularities and striae on the surface of the powder would be 
taken into account. Such is not the case in the projection method, as these 
small surface roughnesses cannot be traced. It is, therefore, not surprising 
that the dye method gives a greater area than the projection method. 


Although various methods have been employed (4, 5, 7, 8, 11, 12) very few 
satisfactory comparisons have been made of independent methods of deter- 
mining the surface area of the same powder. The purpose of this research 
was to compare the surface area of a sample of glass powder determined by 
the geometric method, suggested recently by one of us (6), with the results of 
the adsorption of dye on the same sample. 


This work was begun shortly after the beginning of the war but was discon- 
tinued in favour of Chemical War Research. Although for this reason several 
doubtful points remain to be cleared up, the results are so much more con- 
sistent than in much published work on surface determinations, it is thought 
advisable to report the findings in the present form. 


The Dye Method 


Other investigators have measured the adsorption of dye on the broken 
surfaces of the powdered material and used measurable surfaces of the polished 
or blown material for comparison. There is, however, no reason to believe 
that the adsorption on such surfaces is the same as that on a broken surface 
(9). To overcome this difficulty the present workers employed large broken 
surfaces as the standards for comparison. These were obtained by breaking 
a large block of barium crown glass from a glass melt*. The powder was 
made from the same glass. 

The dye used was methylene blue, B extra. Commercial methylene blue 
is generally a double salt of zinc chloride and methylene blue (3), but the dye 
used in this work was found to be zinc free. 


1 Manuscript received June 30, 1944. 


Contribution from the Department of Chemistry, University of Toronto, Toronto, Ont. 
Section I of a thesis submitted in partial fulfilment of the requirements governing the award of 
the degree of Doctor of Philosophy at the University of Toronto to R. C. Langille. 

2 Assistant in Chemistry. 
Professor of Chemistry. 
* Kindly donated by Research Enterprises Limited, through Mr. L. D. Finlayson. 
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The dye was determined colorimetrically, by means of a Bausch and Lomb 
Duboscq colorimeter with micro-cups and plungers. About 1.5 ml. of 
solution was required for a determination. To avoid adsorption of the dye 
on the ground sides of the plungers, these surfaces were coated with paraffin. 
With some practice, readings could be duplicated within 2%. With dilute 
solutions, a Wratten A-25 filter in the eye-piece was found helpful. 


Preparation of the Dye Solutions 

A stock solution was made by dissolving 0.0809 gm. of dye in distilled 
water and making up to 2 litres. This stock solution was accurately diluted 
with weak buffer solution* to give a series of solutions ranging from 10 to 
2 mgm. per litre in 2-mgm. steps. All flasks were steamed out and each 
flask was rinsed with the dye solution it was to contain, to prevent loss of 
dye on the walls. 


Effect of pH on Adsorption 

Bancroft and Barnett (1) have criticized the work uf Paneth and others, 
maintaining that adsorption is greatly affected by the pH of the ‘solution. 
They obtained maximum adsorption of methylene blue on lead sulphate at 
a pH of approximately 7.0. Experiments made by us showed that an increase 
in acidity caused a decrease in adsorption. A weak buffer was therefore used 
to avoid possible effects of dissolved alkali from the glass or carbonic acid from 
the air. 

The use of buffered solutions has a slight disadvantage in that it decreases 
the adsorption. The pH of the buffer used was found to be 7.0. Small 
proportions of acid or alkali had no effect on the colour of the dye. 


Effect of Light 

Johannes Terwellen (10) found that solutions of methylene blue- faded 
slowly on exposure to bright light. Experiments performed by us showed no 
change in 12 hr., but as a precaution all solutions were kept in the dark. 


The Powder (a) PowDERS 


A quantity of glass was powdered in an agate mortar, sieved, and the 
fraction of powder that passed the 230 mesh and was retained on the 270 
mesh sieve** was used in the experiment. This fraction was air-blown until 
free from fine particles. Half the powder obtained was covered with concen- 
trated nitric acid for 20 min., and then washed free of acids and dried. The 
two powders were designated as unwashed and acid-washed respectively. 


Special centrifuge tubes (Fig. 1) were rinsed out with dye solution to avoid 
loss of dye on the walls, and dried by centrifuging. The rinse solution was 
somewhat weaker than that used in the determination, so that it would have 

* Potassium dihydrogen phosphate, 6.82 gm.; M/5 sodium hydroxide, 148.1 ml.; made 
up to 8 litres. 
** The sieve openings are:' 
230 mesh : 0.00255 in. 
270 mesh : 0.0021 in. 
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approximately the concentration of the final solution after-it had been shaken 
with the powder. The exact concentration was found unimportant. The 
colorimeter cups were treated similarly. 


Blank runs on the centrifuge tubes (i.e., 1.99 ml. of dye added, centrifuged, 
and compared with the original dye) showed a slight adsorption in spite of 
the pre-rinsing of the tubes. A blank curve was obtained from which the 
values of the blank in Table I, Column e, were derived. 


C 


Fic. 1. Centrifuge tube (actual size). 


In the trials 1.99 ml. of dye solution was run into each of two tubes and 
approximately 0.2 gm. of powder added to each. These were stoppered with 
waxed: corks and shaken for about two minutes. The powder was then 
centrifuged to the bottom, and the dye run into a colorimeter cup and com- 
pared with a standard solution of about the same strength. Duplicate 
determinations carried out at 23° and 40°C. showed no difference. Runs 
made at 2, 10, and 30 min. gave no indication of change in adsorption with 
time. 


Results Obtained with Powders 


The results of work on the unwashed and acid-washed powder are given in 
Table I. Fig. 2 was obtained by plotting the data in Column h against those 


in Column c. 
(b) LaRGE SURFACES 


Treatment of Large Surfaces 

Only smooth fractures-whose apparent area could be accurately determined 
were employed. A wall of paraffin wax about one centrimetre high was 
erected round the surface. It was thought that impurities in the wax might 
contaminate the glass surface when the dye was added. In order to test this, 
lumps of wax and drops of molten wax were dropped on to a clean water 
surface on which were some small pieces of camphor. As no slackening of 
the camphor movements could be seen, it was concluded that the wax intro- 
duced no considerable amount of surface active substances. Dye was run 
on to the surface from a pipette, and the block of glass kept in motion for 
approximately two minutes. The dye was then poured directly into a colori- 
meter cup, and compared with a standard. 

The areas of the surfaces were found by tracing round the edge of the wall 
with India ink. This was then traced on paper and measured by a planimeter. 

In a preliminary test 5 cc. of water spread on 150 cm.? of surface lost 0.3 
gm. in five minutes at a relative humidity of 40%. In order to overcome 
this loss the dye work on the blocks was carried out in a large cupboard the 
air in which was nearly saturated with water. 
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ADSORPTION OF DYE ON POWDERS 


Value of [Actual dye Dye removed 
Wt. of Initial Final Dye blank po removed | Vol. of | Per gram of 
sample, conc., conc., removed, | conc. c, |by powder,/dye used, powder, gm. 
gm. ml. (f Xe) 
fb (d —e) a 
a b c d e f 4 h 
0.1429 4.04 2.22 1.82 0.08 1.74 1.99 | 2.42 < 10-5 
0.1514 4.04 1.98 2.06 0.07 1.99 1.99 | 2.62 
0.1730 8.08 4.51 3.57 0.13 3.44 1.99 | 3.96 
0.1896 8.08 4.33 3.75 0.12 3.63 1.99 | 3.81 
0.1690 6.06 3.02 3.04 0.10 2.94 1.99 | 3.46 
0.1702 6.06 3.02 3.04 0.10 2.94 1.99 | 3.44 
0.1824 10.11 5.51 4.60 0.15 4.45 1.99 | 4.85 
0.1827 10.11 6.03 4.08 0.16 3.92 Loe 14-27 
0.1838 10.11 6.45 3.66 0.17 3.49 Le 13.78 ° 
0.1845 10.11 6.22 3.89 0.16 3.43 1.99 | 4.02 
0.1860 10.11 5.99 4.12 0.16 3.96 1.99 | 4.23 
0.1845 10.11 5.99 4.12 0.16 3.96 1.99 | 4:27 
0.1705 8.08 5.70 2.38 0.15 2.23 1.99 | 2.60 
0.1801 8.08 6.04 2.04 0.16 1.88 1.99 | 2.08 
0.1871 6.06 4.27 1.79 0.12 1.67 1.99 | 1.78 
0.1910 6.06 4.12 1.94 0.12 1.82 1.99 | 1.90 
0.1854 4.04 2.3 1.45 0.08 1.37 | 
0.1788 4.04 2.64 1.40 0.09 1.31 1.99 | 1.46 
0.1049 2.02 1.57 0.45 0.06 0.39 1.99 | 0.74 
0.1166 2.02 1.48 0.54 0.06 0.48 1.99 | 0.82 
TABLE II 
ADSORPTION. OF DYE ON LARGE SURFACES AND COMPARISON WITH POWDERS 
Dye Area of 
Initial Final Vol. Dye Dye adsorbed per! powder | Char- 
. conc., conc., of dye | removed, | Area. | removed gm. of (g) | acter of 
Surface |mgm. /litre|mgm. /litre| Diff. | used, gm. cm?*. per powder at vi) surface 
ml. cm?., gm. conc. b po 
(from Fig. 2) 
a b c d e f g h i 
A 6.06 3.23 | 2.83 | 5.90 | 1.67 X 10-5)239 6.99 X 10-8] 3.52 K 10-5} 504 - 
B 6.06 3.42 | 2.64] 5.90] 1.56 225. | 6.93 3.60 520 = 
c 4.04 3.20 | 0.84] 1.00 | 0.084 14.7 | 5.72 3.50 612 + 
D 6.06 4.36 | 1.70] 5.00 | 0.850 211 | 4.03 3.88 962 + 
E 6.06 4.77 | 1.29 | 5.00 | 0.645 120 | 5.38 3.98 740 4 
F 6.06 3.36 | 2.70 | 1.99 | 0.537 79.3 | 6.79 3.58 527 
G 6.06 3.73 | 2.33 | 1.99 | 0.464 93.0 | 4.99 3.71 744 + 
H 6.06 4.10 | 1.96] 1.99 | 0.390 128 | 3.05 1.85 606 + 
J 6.06 4.79 | 1.27] 1.99 | 0.253 84.6 | 2.99 1.98 661 - 
K 6.06 5.18 | 0.88 | 3.98 | 0.350 135 | 2.59 2.06 795 - 
z 6.06 5.05 | 1.01 | 3.98 | 0.402 165 2.44 2.03 831 + 
Arithmetic mean 682 


+ Indicates the surface ‘‘wet’’ well. 
— Indicates the surface appeared ‘‘greasy.” 
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Results Obtained with Large Surfaces 
The results of work on the blocks are given in Table II. 


These results vary considerably among themselves. All are included, 
however, the excuse being the inexplicable fact that opposite faces of the same 
fracture exhibit very different adsorptive power, while any single surface, if it 
be divided in two by a wall, exhibits nearly the same adsorption on the two 
areas. These variations are far greater than can be accounted for by the 
experimental error. Further evidence that all surfaces are not alike is given 
by the fact that some fractures are ‘‘wet’’ well by the dye solution, and show 
no signs of ‘‘crawling,” while others, no matter how freshly broken and in 
spite of all obvious precautions being taken to prevent grease reaching the 
surface or the liquid, appeared quite ‘‘greasy’’ when in contact with the dye 
solution. Column 7, Table II, gives an indication of the nature of the surface. 
Since a similar condition can be expected to exist on the powder, all 11 values 
were given equal consideration. Experiments were carried out with fresh 
and with acid-washed surfaces, and the data compared with unwashed and 
acid-washed powder, respectively. 

The area per gram of powder (Table II, Column /) was obtained by com- 
paring the quantity of dye adsorbed by 1 cm.’ of large surface with that 
adsorbed by 1 gm. of powder at the corresponding final concentration (Column 
b). The relation between dye adsorbed per gram of powder and final con- 
centration is given by Fig. 2. 


Dye adsorbed per gram of powder, gm. X 10° 


0 1 2 5 6 7 


‘ Final concentration, mgm./litre 


Fic. 2. Relution between dye adsorbed and final concentration, 
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Note on Surfaces 

Surfaces A to G in Table II were dyed only once. Surfaces H to L had 
been dyed before, and were cleaned and treated with nitric acid. Acid- 
washed blocks were compared with acid washed powder. 

A and B. A large surface that was divided in two by a wax wall. The 
surface had been kept wrapped in tissue paper for several weeks. 

C. Both faces of a very small fracture. The dye was poured several times 
from one to the other. The fracture was about thirty minutes old when 
dyed. 

Dand E. Opposite faces of a large break, dyed within 30 min. of breaking. 

F and G. Opposite faces of a large break. Kept under a bell-jar, and dyed 
14 days after breaking. 

H. B, acid-washed. 

J. F, acid-washed. 

K. A, acid-washed. 

L. A, acid-washed. 

The Projection Method 


The total projection area of a large number of randomly oriented particles 
is equal to one-quarter of the total surface area of the particles, provided 
there are no re-entrant angles and no very fine roughnesses (6). Hence, in 
order to determine the surface area of a particular powder it is necessary to 
know: 

A. The average projection area per particle, 

B. The number of particles per gram of powder. 

Difficulty in taking small, properly sampled specimens led to the use of 
three different sampling methods. The method of sampling is indicated in 
the tables of results. 

The ‘‘Knife’’ Method. The sample was shaken in a bottle and the tip of a 
knife-blade inserted. The method gave results that were relatively con- 
sistent. 

The ‘‘Coal-pile’’ Method. The powder was poured on to a plate, mixed 
well, and divided into four quadrants with a flat blade. Two opposite 
quadrants were removed, and the remainder was mixed and quartered as 
before, until the sample was reduced to the proper size. 

The ‘‘Wet”” Method. Approximately 0.4 gm. of powder was mixed with 
water and kneaded into a smooth paste. This was well mixed, and samples 
removed with a knife point., 


_A. Determinaiion of Projection Area 


A microscope slide was lightly greased, and warmed to smooth the grease. 
About 20 mgm. of powder was dusted on to the slide through a sieve from a 
height of about four inches. This was photomicrographed, as was also a 
haemacetometer plate. The area photographed was about 1% of the sample 
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on the slide. The particles were projected, and the outlines traced. The 
areas were traced with a planimeter, as was also the projection of the haemace- 
tometer plate. 

In order to show that random orientation occurs under these conditions, 
photomicrographs were taken of the edge of such a greased plate. These 
showed that even long splinters were standing at various angles, apparently 
just as they had fallen on the grease. 

B. Number of Particles per Gram of Powder 

_ The powder was dusted through a sieve on a greased cover-slip, and 
weighed. No powder was allowed to remain on the sieve. The cover-slip was 
projected on a gridded screen, and the particles were counted. In this way 
the number of particles per gram was determined directly. Owing to the 
large number of particles per gram it was necessary to take very small samples 
(1 to 2 mgm.). 

Another counting method used was that of suspension in a bromoform-— 
alcohol solution. The solution was made to have the same specific gravity 
as the glass powder. A weighed quantity of powder was added to a weighed 
quantity of this solution; a sample was pipetted out and the whole weighed 
again. The bromoform was evaporated and the particles were counted. 

As a check on the method, the results of work on a specimen of silica powder 
(230-270 mesh) are given in Table III. A third method was also used for 


TABLE III 
RESULTS ON SILICA POWDER 


A. The area per particle 


Method No. of Projection ile 
of sampling particles traced | area per particle, cm.? Area per particle, cm.? 
Knife 59 0.597 x 10+ 2.388 X 10+ 
Knife 76 0.643 2.572 
Knife 49 0.575 2.300 
Knife 65 0.525 2.100 
Av. = 2.34 X 10-4 


B. The particle count 


Method of Method of __Count 
sampling counting Weight, gm. Count Weight, gm. 

Knife Bicarb. 0.000372* 957 2.57 X 108 

Knife Bicarb. 0.000338* 833 2.46 

Knife Bicarb. 0.000672* 1616 2.40 

Knife Bicarb. 0.000487* 1150 2.36 

Knife Bicarb. 0.000695* 1433 2.06 

Knife Bicarb. 0.000517* 1116 2.16 

Av. = 2.34 X 108 


.”. Area per gram of silica powder = 548 cm.? 


*These weights are calculated from the weights of sample and diluting agent. The ratio of 
sodium bicarbonate to silica powder was approximately 40 : 1. 
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finding the number of particles per gram. A weighed quantity of the silica 
was mixed with approximately forty times its weight of sodium bicarbonate 
(200-230 mesh; density of silica, 2.21; density of sodium bicarbonate, 2.20). 
This was mixed well and passed several times through a sieve, the amount 
being reduced each time by the coal-pile method. The process was repeated 
until a 20 mgm. sample was obtained. This was weighed in a counting 
chamber, water added, and the solution drawn off, leaving about 0.5 mgm. 
of silica powder. The particles were then counted under a microscope. 


The results on the barium crown glass powder are given in Table IV. 


TABLE IV 
RESULTS ON BARIUM CROWN GLASS POWDER 


A. The area per particle 


Method of No. of Projection area 


sampling particles traced per particle, cm’. Area per particle, cm’. 


Coal pile 0.385 x 10-4 1.540 x 10-4 
Coal pile 0.413 5 

Knife 1 
Knife 
Knife 
Knife 1 
Wet 1 
Wet 1 
Knife 1 


Av. = 1.672 X 10+ 


B. The particle count 


Method of Method : Count 
sampling of counting Weight, gm. Count Weight, gm. 


Bromoform 0.00089* 2890 xX 106 
Direct 0.00119 4175 

Direct 0.00153 5224 
Direct 0.00232 7779 
Direct 0.00118 4178 
Direct 0.00168 5568 


Av. = 3.40 X 10° 
.. Area per gram of glass powder = 568 cm’. 


*This is a calculated weight; 0.0214 gm. of powder and 14.7889 gm. of bromoform were 
ping to make the suspension, and approximately 0.6 gm. of ple was 1 d and evaporated 
or counting. 


Birnie, using the same method on a different specimen of silica powder of 
the same screen mesh size, found 558 cm.? per gm. (2). 
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Comparison of Results 


The average area of barium crown glass powder between 230 and 270 sieve 
mesh found by the projection method was 568 cm.” per gm. The average 
area found by the dye method was 682 cm.? per gm. 
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A MASS SPECTROMETER AND THE MEASUREMENT OF 
ISOTOPE EXCHANGE FACTORS! 


By H. G. THope?, R. L. GRaHAM?, AND J. A. ZIEGLER‘ 


Abstract 


A 180 degree direction focusing mass spectrometer for isotope abundance 
measurements is described. In operation, the instrument has a resolution of 
one mass unit in 100, which is the resolution expected from the dimensions of the 
slits and the radius of curvature of the ion path. 

The precision of the instrument is sufficiently good to make possible the direct 
measurement of equilibrium constants for many isotopic reactions. Several 
reactions previously used to separate the nitrogen and the sulphur isotopes have 
been investigated. The equilibrium constants for the two reactions 


S"O2( 94s) + )= + 


were found to be about 60% higher than those previously reported from frac- 
tionation column experiments. However, the low values previously reported 
can be accounted for on the basis of Cohen's theory of packed columns. 


The development of isotope separation methods and the rapid expansion 
of isotope exchange and tracer work in chemistry, physics, and biology have 
stimulated the development of new and improved designs of mass spectrom- 
eters for isotope abundance measurements. A number of mass spectrom- 
eters designed for this purpose have been reported. The original Dempster 
type (3), a 180 degree direction focusing spectrometer has been adapted by 
Bleakney (1) and Nier (7), to the investigation of isotope abundances. Nier 
(8) has also adapted the 60 degree precision instrument of Bainbridge and 
Jordon to high sensitivity work, and more recently Hipple (5) reported the 
use of a 90 degree deflection instrument. 

It is easy to show that the resolution (the fractional difference in mass 
resolvable) in instruments of this type is a function only of the radius of 
curvature of the ion beam and the width of the entrance and exit slits. The 
angle of deflection in the magnetic field is therefore immaterial from a resolu- 
tion point of view. The 60 and 90 degree tubes have the ion source and 
analyser slits outside of the magnetic field, and for this reason the alignment 
is more critical than with the 180 degree tube. The last has the additional 
advantage of a shorter ion path and the probability of collision in the analyser 
tube is less. Further, a more rigid tube can be constructed; this is an impor- 
tant factor where all-glass envelopes are used. The 60 degree tube has come 
into wide use, primarily because a small magnet, which can be operated from 
two storage batteries, or from an electronically controlled power supply, is 


i Manuscript received August 2, 1944. 
Contribution from the Department of Chemistry, McMaster University, Hamilton, Ont. 
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sufficient to deflect the ions. The 60 degree instrument is therefore less 
expensive and more portable. 

However, the writers have constructed a 180 degree deflection instrument 
since a portable instrument is not required and a large magnet was available 
for the purpose. Particular emphasis was placed on its construction and 
alignment to ensure beams of high intensity and to avoid loss of time due to 
faulty alignment. The tube design is essentially that described by Nier (7, 8), 
modified to permit its assembly in a precision built jig. 


To illustrate the operation of the instrument, spectrograms are given to 
show the resolution obtained. In addition, several experiments to determine 
isotope exchange factors are reported with typical mass spectrometer analyses. 


Experimental 


The source and analyser plate assemblies are shown diagrammatically in 
Fig. 1. Molecules of gas are ionized by electrons of controlled energy from 
filament F which travel through slit in shield S to trap E as indicated by dotted 


SOURCE ASSEMBLY ‘ ANALYZER 
ASSEMBLY 


® NS AANNAAAAAAND 


END VIEW SIDE VIEW 


Fic. 1. Diagram of ion source and analyser plate assemblies mounted in glass envelope. 


line. The ions so formed are drawn out of the ionizing chamber through 
slits S, and S: by means of applied electric fields, 0 to 10 volts between Plates 
B and C and 500 to 1000 volts between Cand D. Asa result of this, the ions 
enter an analyser tube with high velocities through entrance slit S,. In the 
analyser tube the ions travel in a curved path owing to the action of a mag- 
netic field in which the tube is mounted. By adjusting the accelerating 
potential, ions with a given m/e ratio will travel in a semicircular path and 
leave the analyser tube through exit slits S; and S. 
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Tube Alignment 

The mass spectrometer tube is assembled on a jig, the base of which is a 
piece of steel, machined flat (see Figs. 2 and 3). On this base is marked out 
the path of the ions and the positions of the slits. Two steel cylinders, A, are 
mounted parallel to the base by means of V-blocks so that their end surfaces 
are directly above slits S; and S; marked on the base. 

The glass envelope, which is assembled first, is made in two halves, with 
inner glass seals ground round on the sides and flat on top. These ground 
glass inner seals fit snugly into metal cups, C, which slip over the ends of the 
steel cylinders so that the flat top surfaces of the glass joints are held against 
the end surfaces of the steel cylinders. In this position the glass surface is 
perpendicular to the base and in the plane where the ions will enter and leave 
the analyser tube. The two glass halves are then bent with a 5 in. radius of 
curvature and sealed together. 

Before the two halves of the glass envelope are sealed togetner in position 
a shield is placed inside of the analyser tube. Since the analyser tube is 
not quite semicircular it is not convenient to use the conventional type of 
shield. The shield used consists of cylindrical sections made from rolled 
nichrome V-sheet which are fitted together like stove pipes. The sections 
are then silver soldered together at one point to ensure good electrical contact. 
The result is a flexible tube that can be bent to the required radius of curvature 
and inserted in the glass analyser tube. 

Dimensions of the ion source plate assembly shown in Fig. 1 are given by 
Nier (8). The plates are bolted together by means of studs attached to the 
lower plate and insulated by means of glass spacers (Fig. 4). Seamless 
cylindrical cups are made and ground so as to fit snugly over the inner seals 
of the glass envelope. These cups are attached to the plates with the entrance 
and exit slits by means of three sectional flanges with lugs. The lugs hold 
the cups and plates together loosely until the slits are adjusted perpendicular 
to the jig base, when the two are spot-welded together. The slit dimensions 
are as follows: S; (0.3 mm.), S, (0.25 mm.), S3 (1.0 mm.) and S, (4 mm.). 

Five sets of V-blocks are placed around the glass envelope and by means 
of a clamping device hold it firmly in position. The steel cups and cylinders 
which hold the glass envelope in place for sealing are then removed and the 
plate assemblies slipped on. A sharp knife edge mounted on one of the 
steel cylinders provides a means for aligning the slits perpendicular to the 
base (see Fig. 2). A key-way cut into the glass seal fits into a notch in the 
nichrome cup and prevents the plate assembly from turning. 


Electrical Equipment 

The electromagnet is a water cooled yoke type with 16-in. pole faces and a 
2-in. pole gap. It is powered by batteries to resolve the lighter mass and a 
d-c. generator to resolve the heavier ones. The output voltage for the latter 
is controlled to better than 1 part in 3000 by means of an electronic voltage 
stabilizer of the type reported by Schwarz (10). Field strengths of from 
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Fics. 2 AND 3. Photographic views of jig for assembly of mass spectrometer tube. 
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Fic. 4 Photographic view of ion source plate assemily. 
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1500 to 6000 gauss are used. A balanced FP-54 amplifier circuit is used to 
measure the ion currents. For precision determinations of abundance ratios, 
a conventional null method is used. A potentiometer in series with the grid 
leak is adjusted to provide a voltage equal and opposite to that developed 
by the incoming ion current flowing through the grid leak of an F P-54 electro- 
meter tube. These applied voltages are then a direct measure of the ion 
currents. A stabilized high potential supply unit of Hunt and Hickman (6) 
design is used to provide the ion accelerating potential. With this device, 
a 1000 volt d-c. output can be kept constant to within +0.1 v. with the line 
voltage changing by as much as 6 v. 


Results 
From the geometry of the tube the expected resolving power can be pre- 
dicted. The resolving power is given by the equation 
Bm 2Qr’ 
where m is the mass and r the radius of curvature of the ion path (125 mm.) 
Ar is given approximately by the equation: 


width of the entrance slit + width of exit slit 
= 


In our case 2Ar = 0.25 + 1.0 = 1.25.mm. Thus the resolving power 
m _ 125 
Am 1.25 
from mass 99. 
Several typical spectrograms obtained are shown in Figs. 5 and 6. From 
an examination of these the actual resolution can be estimated, as the resolving 
power is given by: 


= 100. The instrument should therefore resolve mass 100 


m Distance between peaks 


~ Moms X peak at Gene 
For the 45 and 46 peaks we find that 
m 7.1 
Am  X = 101. 


Thus, with this instrument it is possible to resolve masses up to 101, which 
is in agreement with the calculated resolution. By decreasing the slit widths, 
much higher masses can be resolved. 


Isotope Exchange Factors 


In 1935, Urey and Greiff (12) calculated by means of statistical theory the 
exchange factors or equilibrium constants for a large number of isotopic 
reactions. It was shown that many of these differed slightly from unity and 
that chemical exchange methods could be used to separate isotopes. A number 
of reactions have been used to separate isotopes for which the exchange factors 
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Fic. 5. Mass spectrogram for normal carbon dioxide. 
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Fic. 6. Mass spectrogram for normal sulphur dioxide. 
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_— not been calculated, for lack of molecular data. Two of these are as 

(2) + HS*Os-(sol.)= + HS*Os-(502,) 


From the transport data obtained in the separation of these isotopes by 
chemical exchange, equilibrium constants have been estimated. With mass 
spectrometers of high precision, these factors can be measured directly. For 
example, in the case of the (SO2,,,—- NaHSOs(;9;)) system, the isotopic content 
of liquid and gas samples, which are in a state of equilibrium, are determined. 
The mass spectrometer abundance ratios for a typical determination are 
given in Table I. “Gas samples” are obtained by removing vapour from an 


TABLE I 


TYPICAL MASS SPECTROMETER ABUNDANCE RATIOS FOR SO; AND 
EQUILIBRIUM DATA FOR THE SYSTEM as)” NaHSOs/,,, y 


Gas sample Liquid sample 

Mass 64 Mass 64 Kuro. 

Mass 64 Mass 66 
3.50 3.45 
3.32 3.45 
3.51 3.44 1.019 
3.44 
3.51 

3.31 3.445 


equilibrated system and converting it to a gas which can be analysed conveni- 
ently with the mass spectrometer. ‘‘Liquid samples’’ are obtained by remov- 
ing solution from the system. In this case complete conversion to the gas 
phase is necessary to avoid fractionation in the preparatior of a sample for 
analysis. The equilibrium constant for Reaction (2) is then obtained directly 
from the data of Table I and is equal to 


Mass 64/mass 66 (gas) 
Mass 64/mass 66 (jguid) 


A similar procedure is used to determine the equilibrium constant for 
Equation (1). In this case the samples were analysed as nitrogen gas. A 
summary of equilibrium data obtained for several isotopic reactions is given 
in Table II. Each determination involved a number of mass spectrometer 
ratios which were measured with a precision of 0.3%. Heavy sulphur 
enriched 6- and 40-fold in S* and S*, respectively, previously produced in 
this laboratory, was available for the determinations. The 40-fold enrich- 
ment of the S* made the determination of K for Reaction (2A) possible as 
the normal abundance of S* is less than 1 part in 5000 and cannot be deter- 
mined with high precision. 


= 
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TABLE II 


SUMMARY OF EQUILIBRIUM DATA FOR SEVERAL ISOTOPIC REACTIONS 


x. 
Reaction pat: constant previously 
at 25°C. reported 
(1) N“H,* + = N'H,* + 1.031 
(sol.) (gas) (sol.) (gas) 2 1.032 
3 1.030 1.021* 
Av. 1.031 + .002 | 1.027** 
(1A) N“H; + N“H; = N"H; + N"H; 1 1.007 + .002! 1.006} 
(aq.) (gas) (ag.) (gas) 
(2) NaHS*O; + S¥O, = NaHS*O; + S**0, 1 1.019 
(sol.) (gas) (sol.) (gas) 2 1.021 
3 1.016 
Av. 1.019 + .002 | 1.012tT 
(2A) NaHS*O; + S*O, = NaHS*O; + SO, 1 1.047 
(sol.) (gas) (sol.) (gas) 2 1.039 
Av. 1.043 + .004 


(* and t+) Calculated from transport data obtained in the separation of isotopes by chemical 
exchange (13, 9). 

(** and t) Obtained hy application of Rayleigh distillation method to the fractionation of 
ammonia from aqueous solutions (11). 


(K — 1) values obtained for Reactions (1) and (2) are 50 and 60% higher 
than those estimated from isotope separation work. The latter values 
(Table II, Column 4) were calculated from transport data, assuming the trans- 
port of the heavy constituent in chemical exchange systems to be constant 
and proportional to (@ — 1), where @ is the simple process exchange factor 
and in this case the equilibrium constant K. However, it has been pointed 
out by Cohen (2) that the transport is not constant in chemical exchange 
fractionation processes, but approaches zero as a steady state is reached. He 
estimated that the (K — 1) values should be 50 to 100% higher than those 
previously reported. This is in agreement with the writers’ findings. 


The equilibrium constants obtained for Reactions (1) and (1A) are in fair 
agreement with those reported by Urey and Aten (11). They applied the 
Rayleigh distillation method to the fractionation of ammonia from aqueous 
solutions. In the case of Reaction (1), sodium hydroxide was added in small 
amounts after which ammonia was removed by a stream of purified air. 
The accuracy of this method would depend to some extent on the amounts of 
sodium hydroxide added each time since a large amount of ammonia liberated 
would mean a percentage of nitrogen as dissolved ammonia in the liquid 
phase which does not fractionate appreciably with ammonia vapour. This 
effect would be more pronounced near the end of the experiment when the 
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concentration of NH{ is low. Although no mention is made of their exact 
procedure, this would account for a low result. The equilibrium constant 
obtained for Reaction (2A) is about what one would expect considering the 
value obtained for Reaction (2). With a mass difference for the two isotopes 
doubled, the (K — 1) value is also doubled within the limits of our precision. 
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